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TECHNICAL REPORT R-118 

BOUNDARY-LAYER  SIMILAR  SOLUTIONS AND CORRELATION  EQUATIONS  FOR 
LAMINAR  HEAT-TRANSFER  DISTRIBUTION IN EQUILIBRIUM AIR 

AT  VELOCITIES UP TO 41,100 FEET  PER SECOND 

By NATHANIEL B. G O H E X  

SUMMARY 

Locally  similar  solutions of the k m i n a r  boundary- 
layer epuation,s  are  obtained .for air  at  chemical 
equilibrium for static  en,thalpies u p  to I,OOOi?T,,, 
(corresponding to the .free-strearn stagnation  en,thalpy 

.for atmospheric jlighd at uelocities up to 41,100 -feet 
per  second).  Correlation of the ttnnsport  property 
estimates qf NASL4 TR R-50 are employed in the 
solutions. 

Exact solutions .for $at-plate  $ow,  axisymmetric 
sta<pation  $ow, an.d stagnation  $ow ,for a yawed 
iqjinite  cylinder are obta.ined and correlating.;lot.tnulas 
for the appropriate h,ecLt-tt.ansfer.functiorzs are devel- 
oped. A corrrlation, j o tmu la  f o r  the heat-trmrfer 
diutribution. .futz.cfiotL .for (1.11. at.bitruty sfanuotnble 
p~~exsure  gradient o n  a body of revolution or yntuetl 
in&n,ik  cylinder is rletemin>erl .for application to 
various locel sirnilarit!y methods.  Pertinent  qua.- 
t i o m  are collected in a sin!& section-for  concetlience. 
Extenm'on to three-rlime?bsion,nlJlow.s with  small cross 

j low is briefly  described. 

INTRODUCTION 

A knowledge of the expected aerodynrLmic heat- 
trnnsfer distribution on LL body in high-speed 
flight is essential to  proper clesign of thermal- 
protection  systems. In reference 1 a method for 
computing  the Innlinar hent-transfer  distribution 
t,o p w e d  infinite  cylinders of arbitrary cross sec- 
tion and  to bodies of revolution a t  zero angle of 
attack was presented.  This  method employed 
the concept of sntisfying the  generd  integrated 
energy  equation  with locally similar boundary- 
Inyer profiles. Although  the  method of reference 
1 wns derived for air in  dissociation  equilibrium, 

the  sindar profiles used therein were obtained from 
boundary-lnyer  solutions  for a perfect gas with 
viscosity  proportionrtl to  temperature  and  with 
unit  Prwdtl  Ilrmber.  Such  an  approxinuition 
u u s  assutuecl to be  reasonable for determining  the 
ratio of locd  to reference heat-transfer  rntes on 
blr~nt bodies of prncticnl  concern, dthough insuffi- 
rient  for  the calculation of the reference vdue  
itself.  Esperilllentd  heat-transfer  distributions 
obtained nt Mach  numbers from 3 to 6 on an 
ttnyawed circ,ular cylinder and  on a flat-fnced body 
of revolution werc used in reference 1 to show that 
the  theory  gave  satisfactory  predictions  for  the 
perfect-gas case even for large  favorable  pressure 
grdients .  It was also shown that  the  simple 
10c:ll sitni1:uity technique of reference 2 (which 
itself is a more npproxirnate form of the  integral 
Inethod of ref. 1) was sufficiently accurate for 
lnost design purposes. 

Because the use of unit  Prandtl  number  in  the 
silnilar  solutions of reference 1 restricts that  anrtly- 
sis to  the  computation of heat-transfer  distribu- 
tion, n need  exists for  methods  to  determine  the 
effect of gas properties  upon  the  heat-transfer 
distribution  and  to  establish  accurately  the refer- 
ence heat-transfer  rates for real  air (e.g., the 
stagnation heat.-transfer rate).  The purpose of 
the  present annlysis is  to  provide a sufficiently 
large  number of similar  solutions of the  laminar 
boundary-layer  equations  for  air  in chemical 
equilibrium  in order  to fulfill this  requirement. 
A brief survey of some of the  present  results is 
inc,luded in reference 3. The  present  solutions 
are  conlputed  by use of the  transport-property 
npprosimat.ions of reference 4, as  correlated  in 

1 
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reference 5.  and  these  results  are  valid for  flight 
up  to a velocity of about 29,000 feet  per second 
with zero yaw  and  to higher velocities with a 
sufficient degree of yaw. Additional  transport 
property correlations are deduced  from  reference 
4 and used  in obtaining a representative  group of 
similnr  solutions  valid  for  flight a t  speeds up to 
41,100 feet  per second with zero yaw. Correla- 
tion fornlu1a.s for the  heat-transfer  parnlneters  are 
obt&ned  and  their  application to the integrnl nnd 
simple local sin~ilnrity  neth hods of reference 1 is 
sho\%m. 

The resu1t.s for the body of revolution hllve 
application  to  the  more  generd problem of C O I I I -  

puting  heat-transfer  distribution along the inviscid 
surface  streandines on 21 three-dinlensional body 
provided that  the boundary-layer cross flow is 
snlall (refs. 6, 7, and S). Application of the pres- 
ent.  solutions to  these problems is brieflr described. 

SYMBOLS 

diffusion function,  eq. (6) 
three different npprosinlntions to the 

diffusion function for  dissociated 
air 

sinlilar  stream  function,  eq. (12) 
transformed thickness function, 

Sorn (1 "IrZ)(l7) 
high-enthalpy correlation  €unction 

for heat  transfer, eqs. (75) and (78) 
spanwise  velocity ratio, DIU, 
total  enthalpy, h+T u?+ 212 

static  enthnlpy 
reference erlt,llalpy, 250i?Tr,,=2. 1 19 

X 10' ft2/sec2=S,465  Btu/lh 

reference enthalpy,  eq. (35c) 
similarity  heat-transfer coefficient, 

exponent ( j = O  for  ynwed  infinite 
cylinder; j=  1 for body of revolu- 
tion) 

eq. (64) 

tllermnl conductivity 
Ilrbitrary reference length 
Mach  number 
exponent,  equation (82) 

Lewis nulnber, - P C P .  rp 
kJ 

Prtmcltl nulnber, pcJk 
Reynolds  nmnber, peuex /pe  
Reynolds  number, p 2 0 ~ e x / p 2 0  

parnlnet,ers  in equation (52) 
parz~meters from  reference 1 in 

pressure 
reference pressure, 1 Zltmosphere 

heat flux norrnnl to surface a t  :I 

equat,ion (66) 

=2,117 Ib/sq ft abs 

point  in  the  boundary  layer 
gas constwt  per  unit nmss of undis- 

socitited air. 1,724 ft2/sec2-"R 
=O.O6S9 Btu/lb-"R 

radius of body of  evolution 
enthalpy recovery factor 
nose radius 
absolute  telllperature 
reference telnperature, 273.16' I< 

dilllensionless static  entllalpy, h J H e  
relocitJ- colllponents i n  x, y, and s 

free-strealll velocity 
chordwise, sp:lnwise, ; ~ n d  norlllal 

bouncl:lI.?--la?-er coo~din:ltes  in 
plIJ-sicd s > - s t e ~ ~ ~  

pressure g lxd ie~~ t  p:uxlIleter,  eqs. 
(19) and ( 2 5 )  

11e;lt-tnmsfer function,  eq. (24) 
ratio of specific heats 
tr;msformecl displncelnent thiclaess, 

=491 .69' R 

directions,  respectively 
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W r  
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P 

O W  
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i 
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W 

x, Y 

transformed  displacement thickness, 

total  enthalpy  ratio, H/H, 
transformed convection  thickness. 

transformed  enthalpy thickness, 

transformed  nlolnentum thickness, 

p w  angle 
viscosity coeficient 
arbitrary reference viscosity coeffi- 

sirnilnrity vlwiables, eqs. (9) and (10) 
function of x or 5 
tlltlss c1ensit.y 
shear  stress 
densit>- viscosity product  ratio, 

PPIPWPW 
stream  function,  eq. (1 1 )  

cient 

;Itonls, molecules, constituents of a 

;Idi:xl,ntic  wall 
ewlunted  at reference enthnlpy h,  

and locd pressure 
loc.:xI vdue  esterrld to boundnry 

lnl-er 
frozen, effective, for specific heat nncl  

trmsport properties 
i t h  species of gas  mixture 
stqgultion  point or  line 
local vdue   a t  surface 
chordwise, spnnw-ise 

binary  ~nisture 

reacting  mixture of “air molecules” and  “air 
atoms” on a body of revolution a t  zero angle of 
attack or on  an infinite  cylinder in yaw are (refs. 1 
and 9) : 

where for the p w e d  infinite  cylinder, j = O ,  
v=Constant=vc out,side the bounclary layer, t x n d  
bv/dy=O within the  boundnry  layer.  For 11. body 
of revolution, j=1 and v=O. The coordinnte 
systems  are shown in figure 1. Because of the 
nssun~pt,ion of equilibrium dissocintion, the con- 
tinuity equtltions of the inclividual species, in 
this  wse air ntorns nnd air molecules, need not be 
considered  because the locnl species concentrations 
are funct.ions  only of the  stnte of the gns. In 
equation ( 5 )  , thermnl diffusion hns been  neglected. 

The  function F is defined for the equilibrium 
binary  Inixture  by 

Superscripts : and is a function of the  stnte of the  gas, as are 
the following properties: * evnlunt.ed a t  reference enthalpy h* 

I different,iation  with respect to 7 p viscosity 

RESUME OF INTEGRAL METHOD OF NPr.I frozen Prandtl  nunlber, __ N D .  r 

c ~ , ~  frozen specific heat at constant pressure, REFERENCE 1 
k, 

TRANSFORMATION OF BOUNDARY-LAYER  EQUATIONS  TO 
SIMILARITY  VARIABLES C Cicp.  i 

The  Prmdtl  boundary-layer  equations  espress- 
ing  the conservntion of mass, momentum,  and 
energy  for  the  stendy flow of an equilibrimn The  simulation of equilibrium dissociated air by 

i 

k, frozen conductivity 
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As z+= 
u=ue(x) 

v=v,=Constant 

H=H,=Constant 

Transformation of the  boundary-layer  equations 
is afforded by  the definitions of the  similarity 
coordinates (refs. 1, 2, and 9, for example) 

(b) 
v 

(a) Coordinates  for the  yawed infinite cylinder. 
(b) Coordinates for the body of revolution. 

FIGURE l . - B o u n d a ~ ~ ~ - l a ~ ~ e r  coordinate sy.stems. 

a binary  mixture of air  atoms  and molecules in 
chemical  equilibrium  is  based upon  the  similar 
properties of oxygen and  nitrogen  atoms  and 
oxygen  nnd nitrogen molecules and  the  fact  that 
ionization of the  atoms  is  not  important  unt,il 
dissociation of the molecules is  complete. (See, 
for example,  refs.  4 and 9.) As shown in reference 
5, this  binary  mixture  representation  should  be 
valid up  to  enthalpies of 500HT,,,, corresponding 
to  the  stagnation  enthalpy for flight  up  to  about 
29,000 feet per  second. All subsequent  deriva- 
tions  and numericnl results based  upon the  energy 
equation  in  the form of equation ( 5 )  are  restricted 
to enthalpies below this  limit.  Higher  enthdpies 
me considered in a  subsequent  section. 

Boundary conditions  for equations (1) through 
(5) are: 

At z=O, 

- 

u=o=w=o 

and,  with  heat  transfer 

H= H l O ( d  

or,  for an insulated wall 

dH "=o 
% 

(l ln) 

Fro111 eqllations (9) to (12), the chordwise velocity 
profile is 

The  function F=F(x) is yet t,o be  determined. 

to  the  similarity coordinnte:sJ-stem yields 
Tmnsforlnation of equations  (2), (3), and ( 5 )  
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G (. g)+('-$)Y &"(t-t) (5 5-s &) tions aregeneral  within  the boundary-layer  assump- 
tions for the assumed flow geometry,  and  the  only 

(17) requirement  is that  the  air be in dissociation 

a - 
ag - bf ag Equations (16) to (18) and  the  boundary condi- 

a equilibrium in order  that  the  binary  mixture 
approximations are applicable. 

INTEGRAL  METHOD  FOR  COMPUTING  HEAT-TRANSFER 
DISTRIBUTION  FROM  REFERENCE 1 

The  partial differential equations in the simi- 
larity coordinates, equntions (16) to  (IS),  are  in 
general difficult to solve. For exactly  similar flow, 
all variation  with f: disappears  and  the  resulting 
ordinary  differential eqnations may be solved nu- 
merically.  However, exactly similar flows are  the 
exception mther  thm  the  rule;  their occurrence is 
discussed, for extilnple, in references 1, 10, and 11. 

One  neth hod of nttaclr Tor the  more  general  non- 
sitnilnr flows is to  integrate  the  equations of motion 
nncl energy  cross t,lle 1~ound:wy layer to  obtain 
ordinary c1ifferenti:d eqwltions which mtiy be 
solved ilfter s[litiLl)le  ill)pt'ositllrtt.ions are nmde  for 
the  veloc*it,~- rlntl enttullp?- profiles. In the ltlethocl 
of reference 1 ,  i t  is :1ssultIecl that  the profiles  ;we 
those of the silllilar tJ-pe, that is, profiles  whicll 
are solut.ions of the  ordinnry  differentid  eqwtions 
f,ll:Lt result Troll1 eqwltions (1G) to (18) when  all 
clerivntives with respeck t,o [ are  set equnl to zero. 
These  solutions  are npplicd a t  each 2 (or () stat.ion 
in  the nonsirltilnr flow l)y using the tlpproprinte 
\rducs of f ,  : ~ n d  tlle loc::~l vdues of the p:1rm1- 
etets t,, i,o, : I I I ~ I  P .  0111-y one function Z('(E) is un- 
known, nncl thus only one of the  three conservn- 
tion 1:lws 1rl;ly be t1tilizetl. I n  referenc.e 1 i t  is 
~~ssuttletl t h t  the  heat  transfer is generdly of most 
interest; tlltls, t.he integrnted energy equation  is 
satisfied in  preference to the two integrated 1110- 

The  results of these  assulnutions for the  heat- 
Boundtwy conditions in_tlle-sillliI~Lrity coorclinate ll,ellt,Ulll eql121tiolls. 
system are, a t  q = O ,  

668-943-63--2 
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and where {h={h(ts, t,, lm1 P) as determined  from 
solutions of the locally similar  boundary-layer 
equations.  The  complete  integral  method of ref- 
erence 1 is  represented  by  equations (23) to ( 2 5 )  
and  requires  an  iterative  solution.  The  simple 
IocaI similarity  Inethod of reference 1 results when 
r is set  equal to unity  in  equation ( 2 5 )  only;  this 
result  is essentially the  method of reference 2 and 
does not  require  iteration because p is then a func- 
tion  only of inviscid flow nnd wall conditions. 
With r =1 in  both  equations (23) and ( 2 5 ) ,  a 
method essentially equivalent  to  that of Lees (ref. 
11) is  obtained;  this  last  method wns proposed 
therein  for  blunt  unynwed cylinders on bodies of 
revolution with highly cooled walls and is inde- 
pendent of the  boundary-layer  similar solutions. 

LOCALLY SIMILAR SOLUTIONS  FOR  EQUILIBRIUM 
DISSOCIATED AIR 

In  the  integral  method for computing  heat- 
transfer  distribution  just described, the depend- 
ence of the  heat-transfer  distribution  function, 
{A/{;,,, upon  the  various  parameters  for  the case 
of locally similar flows is  required. I n  reference 1 ,  
unit  Prandtl  number  solutions provided an  ap- 
proximation  for  this  parameter.  Evaluation of 
this  parameter for  real air  in dissociation  equilib- 
rium is now  described. 

THE  COMPUTATION  PROGRAM 

The  equations  governing locally similar profiles 

are, from equations (16) to (18) with --=O 
b 
at 

and  with  heat  transfer, 

or for  an  insulated wall 

where P,  t,, t,, and lw are  paranleters  evaluated 
locally.  Solutions of equations (26) to (2s) deter- 
mine  the  functional dependence of {; upon the 
parmleters as required by  the  equations for hent- 
transfer  distribution  (eqs. (23) to (25)). 

Equations (26) to (28), subject  to  bounduy con- 
ditions (29) and (30), were progrwned on the 
IBM type 704 electronic data processing Innchine 
and solved  for wide rmges of the  various param- 
eters.  Integrution WRS carried out  in  nluch  the 
same  manner ns described in  appendix B of refer- 
ence 12. The variilble gus properties pe /p l  cp, 
NPr,/ ,  and F, obtained from reference 5 ,  were 
incorporated  in  the  program as tnbulnr  functions 
of static  enthnlpy, and are described  in the 
following section. 

Thermodynamic and  transport  properties of 
equilibrium  dissociated air.-Fronl reference 5, 
equations governing p,/p m d  (oat,  constant  pressure 
are 

where t/tE=h/hE and where h., is a reference 
enthalpy, hE=250~’Tr , , .  

The frozen Prandtl  number wm obtained from 
table I of reference 5 .  Most of t,he cases were 
computed  with F=O, which is appropriate for 
unit Lewis nunlber.  The effect of nonunit Lewis 
number was investigated for a few cases ‘by using 
three different estimates for the diffusion function, 
F,, F2, and F3, discussed in a subsequent  section. 
Ta.bles of NPr F,, F,, and F, are giveu  in  t&le I. 
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These  functions  are assunled  valid for  the  ranges 

0.01521 --< 2 h 
- hE= 

10-41p/pTe,1 IO 

as in  reference 5. Note  that use of these  gas 
properties  introduces  another  parameter (tE=hBj 
He, representing  the level of the  total  enthalpy 
outside  the  boundary  layer) which must be speci- 
fied in  order  to  obtain locally similtw solut.ions. 

Limitations on parameters.-The primary limi- 
tation  on  the local enthalpy  in  the  boundary  layer 
is  deteritlined by  the  vdidity of the gns property 
correlations ns 

h t  0.0152'1-=--<2 - h, tl<= (32) 

The lower litllit represents tlle entlltdpy at t L  

tetllperature of 300" I<; tlle upper lirllit is equal to  
the free-stretltn totrll cnthdpy  in :Ittnospheric: 
flight :It a velocity of :lbout 29,000 feet  per second. 
Vdues of the y:~w pmltlleter, t,, of 1 ,  !$, ) { o ,  t lnd 

)io were chosen, m d  vrllues ol t ,  were :1ssutned to 
be  within 

0 .255 '1  1 
t s  - 

The lower lilllit should include isentropic: expan- 
sion froill :I st:lgnntioll 1i11e to free-stretlill pressure 
for Itlost ptxrticd c-onclitiot~s. 

C!onsistent with tlle l i r ~ l i t s  i n  eqwltioll (32), 
vdues of the  entht~lpy-level p:lr:Ltlleter f E  were 
chosen corresponding to free-strerun velocities up 
to 29,000 ftjsec ( t E z 0 . 5 )  for zero yriw ( t < = l ) .  
For finite ynw the  stngnation-line  enthalpy is  less 
than  the free-streall1 total  enthdpy m d  v:tlues 
of the ent.hdpy-leve1 p:Ir:ttneter n l n ;  be so chosen 
that  the  1nasin~unl velocity is 29,000 - - feet, per 

second. A limit was :lrbit,rtdy  set for  t.hese  c:Ises 
such that 

cos A 

H , j 3 h ~ ( t E t i ~  V ,135 ,600  ft/Sec 1 
For  heat-transfer c:lses the wall ten~perttturc wns 

restricted to  the  range from 300" I< to  about 
1,750" K', or  more specifically 

0.01521-S0.1 h, 
h _-- 

for  all  enthalpy levels. For  this wall enthalpy 
range, F, was  always  zero and hence any  nonunit 
Lewis number effects were secondary effects caused 
by boundary-layer profile distortions  away from 
the wall. These effects were expected to  be small. 
Insulated wall cases were computed  only for cer- 
tain  conditions where the  total  enthalpy  outside 
the  boundary  layer  did  not exceed 2hE even for 
lnrge  yaw. 

Values of p from zero to  about 3.5 were used. 
Above this  limit,  solutions of equations (26)  to 
(25)  were not generally obtrtined because of nutner- 
ical difficulties. 

Solutions obtained.-Tables 11, 111, and  IV  are 
a compilation of the  results of the  program  for 
equilibrium  dissociated air.  Table 11 lists all the 
c:ases and serves tts n key to tlle solutions given  in 
bibles 11 I and IV.  The values of flight  velocity 
shown i n  ttlble 11 were co~~lput~ed  by using a nomi- 
n d  ftw+stt.c:ltll st:lt.ic ent.ht~lpy of :3.8ETTcf= 
0.01 52hE. Shown in tables 111 and IV are only 
selected  results tlt :L few pert.inent vdues of p ;  
solutio~ls  actually were obtuined at up t80 20 difl'er- 
ent values of p between 0 and 3.5. For  the  specid 
c:Lse of t,=t,, F=O, solutions of the  outer lilllit 
equations for p+a (see appendis B of ref. 1)  
were o1,t:tined with t.he  tlissocint.cd  :lir properties 
to t d  i n  ohtnining he:lt-trtlnsfer correlntion forlnu- 
1:~s; these are displn.yed i n  the  appropriate locn- 
tions  in tcbble 111. IJist,ed (for F=O) tire the  vdues 
of.fz, gh, ch (or 7) and, for herlt,-trnnsfer cases, the 
displwetnent thic,kness, A;. Other  pertinent 
thicknesses  lnny be  found from t,hese values and 
equations (A9) to ( A l l )  of the cippendis. For 
nonunit Ilewis nrtrllber (table IV),  only <; or 7 
(Ire shown. 

The discussions thnt follow center pritnnrily on 
results  for the  heat t.rnnsfer, that is, <;. Discus- 
sions regarding recovery factor  and skin-friction 
functions are  limited  to certnin  special cases. 

EXACT SIMILAR FLOWS 

For flow on an isothermal  flat plttte, asisym- 
~netric  stagnation flows, nnd stagnation flows for 
t.he yawed infinit.e cylinder, solutions of equations 
(26)  to (25)  yield the corresponding exact  bound- 
ary-layer profiles because, in these cases, no varia- 
tion  with is present.  First  to  be discussed are 
solutions for the c.ases for which unit Lewis number 
(F=O) is nssumed. The effect of nonunit Lewis 
nunlber  is  then discussed. 
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Flat-plate flow (F=O).-Flat-plate flow  is repre- 
sented by equations (26) to (28) with p = O  because, 

for a flat  plate, ez=O. From equations (26), dx 
(27), (29), and (30), it  is  apparent  that g(7) =.f'(v) 
and  thus  the  system of equations  for  this case is 
independent of the  yaw  parameter t,. For :~n 
isotherrnal  wall, Tm is constant  and  the require- 
ments for similnrity  are stktisfied. Solutions  of 
these  equations  are  found  in  tables I1 I (a)  :~nd 
III(b) for a wide variety of cases. Skin-friction 
and  hent-trmsfer coefficients were colllputed frolll 
the transfolmmtion equations as 

(:3 3 )  

The skin-friction coefficient ILS colllputecl  frolll the 
similar  solutions  is shown in figure 2 plotted tlgainst 
pepCIE/p,Bpm for a few vdues of t,, the pnm11leter indi- 
cating  the effect of local Mach  nulnber. For :L 
perfect gas with  constant specific heilts 

and  the values of t,he locd Mac11 nulllber for 
y =  1.4 are also listed  in figure 2. 

0 .2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 2.0 
Ratio of density - viscosity  product, Pe Pe/PwPw 

FIGURE 2.-Laminar flat-plate  skin-friction  coeficiellt as 

a function of '& for  equilibriuln clissociated air. 

N L , = ~ .  Open  symbols  represent  present  solutions; 
filled  symbols  represent  perfect-gas  solution of reference 
15. 

PIC+, 

For each value of t,, the  numerical  data  plot 
HS t i  single curve,  independent of total  enthalpy 
level tE and  surfwe cooling ratio Tu. Shown for 
conlparison in figure 2 are  results  obtained  by 
using the reference enthalpy  method of reference 
13 npplied with  the  properties of equilibrium 
dissocinted ttir from  reference 5 .  The  equations 
for this tipprosin1 a t' 1011 :ll% 

P*P*_ 
1.0213 ( ~ ) 0 ~ 3 3 2 9 - ~ . ~ 2 1 : ~  

- t* 0.3329 (35b) 
pcpc 1.0213 (t,) -0.0213 

h..y h*=t*=" t E  t E  p.5 (1 + 9 - 0 . 2 2 7  ( 1 - 9 1  (35c)  

where '7 is the  entlldpj- recovery filctor t:~ken 
here :is :t constmt equlll to -\ti? for sinlplic,it!-. 
(See fig. : j ( i ~ ) . )  Results of the reference enthnlpy 
111etllot1 :we d s o  essentially  independent of tE and 
{,o and give lower skin-friction coefficients than 
the est1c.t solution by  at  most 5 percent. A 
modified  forill of the reference enthtdpy  method 
which Il@ht have slightly  improved  nccuracy  is 
given in reference 14. 

Sho\vn d s o  in figure 2 are a few points  conlputed 
for n perfec,t gas with  the Suther1:lnd  viscosit.?-- 
teo1per:ttul.e rel:~tion  (ref. 15); these  latter  points 

Static - enlblpy ratio, fe 

(a) Recovery-factor  dependence upon stntic-enthalpy  ratio. 

FIGURE 3,"Flat-plate  enthalpy  recovery factor for 
cquilil~rium  dissociated  air. 1. 
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were appropriate  only  for a free-stream  tempera- 
ture of -67’ F, but  the  results  should be inde- 
pendent of free-stream  temperature when plotted 
as a  function of pepe /pwpw.  Significant differences 
occur  only  for  low  speed,  high-enthalpy-level 

boundary  layers ( &+l, EW<l). Elsewhere t.he 

real-gas effect is less than 5 percent on the  skin- 
friction coefficient. 

The  enthalpy  recovery  factor was investigated 
for a few cases picked a t  random  and  the  rrsults 
(from table III(b)) are shown  in figure 3. From 
figure 3(a)  there  appears  to  be no  simple correln- 
tion  function for recovery  factor  directly  in  terms 
of t,,. and t,. However, 7 never deviates  far fronl 
the  nolniniJ low-speed vnlue, 1/67 (for a perfect 
gns with a constant  Prnndtl  number of 0.7). For 
n viu-inble P~xnd t l  number,  the  npprosi~~lntion 
F = l ’ i V ; 7 , ,  hns  been  proposed  (ref. 13). Most of 
the  dntn are within  two  pcrcent of the  values 
predicted by this  npprosimation n s   nay be seen 
in figure 3(b). 

Flat-plate  hcnt-trtmsfer coefficients were in-  
vestigated  in t e m s  of the  Reynolds nnnlogy 
fn.ctor N.s,/cl, :L ratio which is very closely approsi- 

__ 

Exact recovery factor, i 

( I ) )  Comparison of approximateand  exact recovery lactors. 

FIGURE 3.-Concluded. 

variable  Prandtl  number  counterpart of this relation, 

is shown on figure 4 where this  relation is compared 
to  the  results of the  flat-plate  similar  solutions. 
In  computing  the  Stanton  number  from  the 
similar  enthalpy  derivative  (eq. (34)), approxi- 
mate values of ?=.\iN$,., were  used. For most 
crises, the rn.tio of wall enthalpy  to  free-strenm 
stngnntion en t tdpy  (sw) was  far from unity  and 
the  error  introduced by this  approximation  should 
be  very stnnll. Those cases with 0.2<{,<2 are 
sllown ns the flagged points  in  figure 4, and for 
ttlcse points, use of  nn approximate recovery 
fi1ct.or cot~ld possibly introduce a large  error.  Two 
points in this group ILre particularly  far from the 
c*ort.elntion. For five of t,hcse cases (wit.h 0.2 
<i-,,<2), t he  csilct. recovery factors were avidable 
ant1  were used i n  t ~ o t ~ l p u t i n g  tlte  Stnnton  nunlbcr. 
Tlle results :LIT sl~own i n  tllc figure i1s the filled 

I- 

Data with exact 7,  0.2 S I, 4 2.0 

.56[ 1 - d  1.- I-- I-- ~ ~ - - ~ - l ~ i  

.55 ~ ~” 

59 .60 .61 .62  .63  .64 .65 .66 .67 .68 

Approximate Reynolds analogy factor. ,j2’3 
FIGURE $.-Comparison of csact and approximate  Reyn- 

olds analogy  factors for flat-plate flow of equilibrium 
dissociated air. N L ~ =  1.  



10 TECHNICAL  REPORT R-1 1 8-NATIONAL AERONAUTICS  AND SPACE ADMINISTRATION 

points, ench corresponding to  the flagged point a t  

the  same  value of -(N$r, this correction 

improves  the correlation of the  two  worst  points 
significantly. Thus, use of equution (36) should 
generally give  results  within  about 4 percent of 
the exact solutions for N s l / c f ,  m d  for the  most 
part would overestimate  this  ratio.  When e q w -  
tions (35) and (36) are conlbined to yield A[,,, the 
\-dues predicted should  be  very  ttccumte for most 
cllses  bec:luse t.he el’rors in cJ a n d  Ns,/cJ are 
generdlg colnpensating. 

Axisymmetric stagnation flow (F=O).-The 
boundary-layer flow at the  stagnation  point of 
n body of revolution a t  zero angle of rl.ttaclr 

1 
2 

lL,  du, “Constlunt., j=1 is clescribed by solu- 

tions of equations (26) m ~ 1  (25) with t,=t,-l 

~ “ . l  ~ ~ . -I 

Sirnilor solutions 

o Axisyrnrnetric stagnation point 

Yowed-infinite-cylinder  stagnation line 

I 
t 

c 

3 

and p=,. The  heat  transfer  for  this case  is 

conveniently described by the  Nusselt  number, 
given by (see appendix) 

1 

Co~~relt~tions of the nurnerical results  (table 
JII(a)) were sought in the for111 of [NNa.  & V p r , J ,  m ) o . 4  

(NRe, J0.5]r  11s a. function of the p p  ratio across the 
boundary  layer  and  the results are shown  in 
figure 5 dong with the  co~~elnting function 
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constant  Prandtl  number  gas  and  its inclusion 
in  the correlation function  resulted  in a slightly 
smaller  scatter of the  data  than if it  wereomitted. 
Such a dependence  upon  Prandtl  number would 
not  be expected to  apply if the  Prandtl  number 
variation across the  boundary  layer were more 
extreme  than  t.hat for the frozen Prandtl  number 
used  herein. 

It is  noteworthy  that  the coefficient and  es- 
ponent  on  the  right-hand side of equation (38) 
appear  to  be  very  little  dependent upon the  gas 
properties used in  solutions of the differential 
equations, nt lenst up  to  the  onset of ionization. 
For esnmple, for the case of constant fluid prop- 
erties (incompressible fluid),  the coefficient nnd 
exponent  obtained nre 0.763 rmd 0.5, respectively 
(ref. 16). Corresponding  values of 0.76s i~nd 
0.4, respectively, were obtnined for  equilibriuln 
dissociated air with unit J,ewis nultlber  (ref. 9) 
and for :I perfevt gas with constrtnt specific lletlts 
(ref. 17), where i n  1)otll cases the  nsswnption of 
the  Sutherhntl viscosity rehtion ilnd a const;lnt 
I'rnncltl number were elnployed. illtllough the 
Kusselt  nunlber pilrnllleter of eqmtion (3s) is 
little influenced by fluid proprrties,  the  heat- 
trnnsfer ri1te I I I I L ~  be  more  stronglp nfiected. For 
the  cot~elnt~ion of equnttion (8$ ) ,  the I~e:~t-ttxnsfer 
Inte m:Iy be  written 

--rll..,,=n.i67(nT,,,. w)io.6(up-hw).T 

( P , / * ~ . > ~ . ~ 3 ( P , , , / * , , ) ~ . o i  @) (39) 
___ 

dx I 

For two tlifletwlt estillltltes of the high-telllpetx- 
ture t1xnspol.t properties of air, t I I C  (:orresponding 
stil~natiolI-poillt 1le:tt-trtmsfer  1xt.es mill be in 
proportion  to  the 0.43 power of the stngn:ltion 
viscosity, a11 other  quantities being equd.  For 
es:tmple, t,he ratio of Hansen's viscosity to  the 
Sutherlnntl viscosity a t  29,000 feet/second is ns 
muc,h as about 1.35,  depending  upon  pressure  level. 
If each of these viscosity estimates is used, t.he 
computed  hent.-transfer rates would  be different 
b. as much as  15 percent. As better  estimates of 
the  trnnsport properties of equilibrium clissocitLtec1 
air become nvailnble, a correspondingly better 
estinlnte of stngnntion  point  heat-transfer  rates 
should  be possible through  the use of equtltion 
(39) without tllodificntion of the coefficient and 
exponent  arising  in  equation (38) provided that 
the frozen Prnndtl  number does not  vary  grently 
about n mem  mlue. 

Stagnation flow  for yawed infinite cylinder 
(F=O).-With p=1 and t,=t, 6 1, equations 
(26) to (28) represent  the  stagnation line boundary 

layer  on a  yawed  infinite  cylinder (:=- due dx 

=Constant, j = O  . With F=O, solutions for 49 

heat-transfer cases were computed  with values 
of the  yaw  parameter t, of 1, 1/3, 1/10, and 1/30 
(table III(a)). From  the  appendix,  the  Nusselt 
number  function is given by 

1 

In  the  computation of this  function from the 
sitnilnr solutions, a recovery  fnctor of 0.55 was 
used ns an npproximntion to  the  exact values 
which vllried from 0.84 to 0.88 for  those  insulated- 
~ ~ ~ 1 1 1  stngnrltion-line cases colllputed  in the  present 
progr:Illl :IS well as those of reference 17 for :L 
perfect g x s .  (See tttble III(b) :mcl fig. 6.) 

Results (we shown in figure 5 dong with  the 
following correlating functions: 

891 
.88} 

t 0 Present solutions, equilibrium 
dlssocioted  air ( F  = 0 ) 

Perfect gas, Sutherlond viscosity 
Np, = 0 7  (ref. 17) 

3 
.9 1.0 

Stagnotion line  enthalpy rotio. re = ts 

F I G U R E  6.-Enthalpy recovery  factor for yawed infinite 
cylinder stagnation line. N L , =  1. 
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For (F) 21, 
WPW s 

tern1 may  be  put  in  terms of a static-enthalpy 
gradient (see ref. 5), which  yields for  the  heat flux 

which fit the  numerical  data  within  about f 7 per- 
cent  independent of the  enthalpy  level.  The 
reason that two  functions  have been  used here  to 
better fit the  data is that   a t  large  yaw,  values of 
(pepe/pWl.r,Js greater  than  unity  may  represent  prac- 
tical high-speed flight  conditions with a highly 
cooled w d ,  whereas a t  zero yaw or with axial 
symmetry,  values of (pepc/pwpw)s will always  be  less 
than  unity for highly cooled walls. 

Equations (41a) and (41b) may  be comp:xred 
with  the  results for perfect air with  constant 
specific heats,  constant  Prandtl  number,  and  the 
Sut,herland viscosity relation (ref. 17),  which 
correlate  as 

and  little effect of the  gas  properties  is seen for 

(y)  <1. For (y) >1 the  present  results 

and those of reference 17 do  not compare as 
favorably. 

Because at  the  stagnation line of the yawed 
infinite  cylinder  nloving with velocity V, the 
local external  properties  are  the same  as for 
nn unyawed  cylinder a t  a velocity TT, cos A ,  
equation (41) should  be valid  for velocities up to 

WPW s SPW s 

V,=---”- 29,000 feet per second. 
cos 11 

The effect of nonunit Lewis number.-Before 
the  solutions  obtained herein for  nonunit Lewis 
number  are discussed, a review of the  mechanisms 
for the  transfer of energy  in  a  reacting  mixture of 
gases appears desirable. 

At a point  in  the equilibrimn binary bounclnry 
layer t,he heat  flus  normal  to  the  surface  is given 
by (ref. 5 )  

The  first  term on the  right-hand  side  represents 
heat  transfer by “ordinary”  conduction  (transfer 
of energy  through collisions of particles) and  the 
second term  represents  transfer of heat  through 
mass diffusion of the  reacting species. The first 

Now  the  first  two  terms  in  the  brackets of equation 
(44) represent  “ordinary”  conduction while the 
third  term  represents  heat  transfer  by mass cliffu- 

sion. The two  terms  containing (2) are 
p = C o n s t .  

direct  functions of the  chemistry of the flow and 
the  other  term  is  compmtble  to  the low-speed, 
perfect-gas result.  Equation (44) may be written 

where F(p,  h) is given by  equation (6). 
For ecluilibriunl dissociated air, hA-hJr>O and 

reacting  atoms and molecules. Thus, for NLe>l ,  
F>O, and for NLe<l,  F<O. For  unit Lewis 
number (F=O), the  two  terms  in  equation (44) 
depending  directly  upon  the  concentration  deriva- 
tive, one  arising  from  “ordin:uy”  conduction and 
one  representing mass diffusion, just cancel, and 
the  heat-flus expression takes  its low-speed form. 
When  the Lewis number is locally gre:lter than 
unit)- ( I z > O ) ,  the effect.  is t.o increase the  heat 
flus in the, bound:q- InJ-er relative  to tlle case  for 
AT,,= 1, whereas for Lewis nulnber less than  unity 
(F<O), the local efl’ect is to decrease the  heat 
transfer. 

The effect of diffusion for  constant  values of 
NLr of 1.4 and 2.0 mas considered in reference 9 
for asisylwnetric  stagnation flow, and i t  was 
found that,  tlle surfnce hent  transfer w : ~  increased 
a significant nlnount  relative  to  that for NLr=I, 
because the  function F’ was equal  to or greater 
t.han zero t,lnougllout the bounc1nr~- 1aJ-er. A 
more  realistic  est,imate of the Lewis number was 
given  in  reference  4 and vnried  from about 1.4 a t  
low enthalpy  to  about 0.G a t  the  ent.halpy  for 
complete  dissociation. In  reference 5 i t  mas 
surlnised that  the corresponding variation  in F 
across the  stagnation-point  boundary  layer (from 
F<O a t  the edge to F>O new  the surface) would 
decrease the influence of nonunit Lewis number 
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from  that  given  in reference 9. It was  further 
estimated in reference 1 that  for  the diffusion 
function herein designated F,, the effect of nonunit 
Lewis number would be  to increase  the  stagnation- 
point  heat  transfer by a t  most  about 6 percent. 

The solutions  presented  herein  (tables  IV(a) 
and  IV(b)) were obtained by using three  different 
estimates  for  the diffusion function.  The  func- 
tions F, and F3 represent  the diffusion function for 
equilibrium dissociated air  computedin  two diff erent 
ways,  where the  variable Lewis number as a function 
of enthalpy  from reference 4 is used. The function 
F, is computed  from  equation (6) and  is  given  in 
tnble I of reference 5, while F3 is given  by  the 

relation F 3 = ~ - 1  (see table I1 of ref. 5 ) .  

These  two  functions  show some  similarities (fig. 
9 of ref. 5 )  nnd are  thought  to  represent  the 
properties of nir better  than  the  function F2, 
computed from  equation (6) with N,,= 1.4 (fig. 6 
of ref. 5). Jn  all cases considered herein (as well 
as the  nonunit Lewis nunher cases of ref. 9), the 
surface  enthalpy was sufficiently low that Fm=O 
(no diffusion at   the  surface). Thus  the effect of 
F upon the surfnce heat-trmsfer  rate is directly 
proportional to the effect on the  derivative {io; 
these effects are  dependent  upon  distort,ions of the 
enthnlpy profiles in the  boundnry  layer cnused by 
the  nonunit Lewis nulnber diffusion function. 

Because of the weak  coupling  between the 
energy  and  lnonlentum equ:btions, the eflect of 
nonunit Lewis number  upon  skin  friction mas 
found in the  present  solutions  to  be negligible (at 
most a I percent effect uponf:; and &), regnrdless 
of whether F,, F,, or F3 was used. These  results 
are  not shown  in the tables.  Turning  to  the 
heat-transfer  mte, for the  asisymmetric  stagna- 
tion  point,  the  results  obtained  by using F2 agreed 
with  those of reference 9 for NLe= 1.4 and  indicated 
an increase in heat-transfer  rate  reaching 15 per- 

cent  for  fully dissociated air -2 ,  tE=0.5 . 
Because the nssumption of NLe=1.4 appears  in- 
correct, the  results  obtained  by using F2 are  not 
considered further. 

Nm f 
N P ~ ,  err 

e- ) 

Plots of T'(F) for p=O, 1/2, and 1 and of 

- '(') for p=O and 1 for te=t, are shown in 
i' (F= 0) 

r (F= 0) 
figures 7(a)  and  7(b),  respectively,  for  those  cases 
computed  with  the diffusion functions F, and F3. 

668943-63-3 
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For  the  axisymmetric  stagnation  point  problem 

(p=;), the effect of nonunit Lewis number is 

within the limits 

and  because  the  Nusselt  number  is  proportional 
to q m / ( l - { t P ) ,  the  same  relations hold for  the 
Nusselt  number  function. The influence of the 
difhsion  function  upon ,(-; is very  weakly a func- 
tion of 6, so that for the  flat-plate (p=O) and for 
the yawed-infinite-cylinder  stagnation  line (p= I ) ,  
relntions  nearly  equivalent to  equations (46)  are 
valid. In  t,llese latter cnses, however, heat- 
trnnsfer coefficients (e.g.,  Stnnton and Nusselt 
numbers) iLre proportional to ql,J({alD- caw 5 1, 

1- 

.O 
Enthalpy-level pororneier. tE 

FIGURE 7.-Effect of diffusion for nonunit Lewis  number 
for equilibrium  dissociated air. t ,=t , .  
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so that  the diffusion  effect upon 7 must  be  taken 
into account when the  dissipation  is  large  (when 
te<<l). This dependence  is roughly, for  those 
cases  computed, 

approximately  independent of p. Thus, when  a 
heat-transfer coefficient is  computed  for  highly 
cooled walls and  large  dissipation (l, =O,  t,<<l) , 
the coefficient is proportional  roughly  to qwJ7. 
For  those cases  where both {L and 7 were computed 
by including nonunit Lewis number diffusion, 
the  results  are 

\ 
= (F=F1) 4 W  I 

0.972 51.07 
(F=O) r 

The  results  contained in  equations (46) to (48) 
confirm the estimates  made  in  appendix A of 
reference 1 and  support  the  assumption that  the 

effect of nonunit Lewis number diffusion may  be 
neglected  for  equilibrium  dissociated air  with  the 
transport  properties  as  given in reference 4 and 
with walls  sufficiently  cold that no atoms diffuse 
to  the surface.  Based  upon  these  results, the 
effect of nonunit Lewis number is  neglected  for 
the discussions that follow, except in  the  section 
extending the similar  solutions to velocities above 
the nominal 29,000 feet  per second limit  for  fully 
dissociated air, where  a  different  method of ex- 
pressing the  gas  properties  is employed. 

LOCALLY  SIMILAR  SOLUTIONS  FOR  THE  HEAT-TRANSFER- 
DISTRIBUTION  PARAMETER 

To determine  the  heat-transfer  distribution  for 
a  given  configuration and inviscid flow requires 
the solution of equations (23) to (25), a system of 
three  equations  with four  unknowns, pw/pID, s, 

r, {L/(L, ,, and p. The  fourth  required  relation, 
one  between {L/{L,s and p is  provided  from the 
locally  similar  solutions of table  III(a)  (heat 
transfer, F=O). In  general,  the  surface  enthalpy 
derivative {L may  be  written in functional form as 

l L = t L ( B ,  ts,  te, t ~ ,  S 3  (49) 

For a  given blunt configuration with  given  inviscid 
flow and wall enthalpy,  the  distribution of the 
enthalpy  gradient  is given by 

a t  constant ts  and tE .  Equation (50) may  be  broken  into a product of various  factors  representing the 
dependence of {L/{L, on each of the  parameters.  Thus 

The first  factor on the  right-hand  side of equation 
(51) represents  the dependence of {L/{L,,9 upon p ;  
the second factor gives the effect of chordwise 
dissipation, the  third  factor  represents  the effect 
of a  nonisothermal  wall, and  the  fourth  factor is 
merely the reciprocal of the   f i s t  evaluated at   the  
stagnation  point or line.  Detailed  analysis of 
the  numerical  solutions  indicated  that each of 
these  factors may  be  approximated  by  correlation 
formulas  which  are  discussed  separately in the 
following paragraphs. 

(51) 
~~ ~. ." 

The p-dependence.-The  first  factor of equation 
(51) was  investigated  first  for the special  case 
t ,=t, (no chordwise  dissipation).  Plotted  in 
figures S(a)  to  8(d)  are  the  data  from  tables  III(a) 
as  functions of /3 for  values of t, of 1, 1/3,  1/10, 
and 1/30, and for  various  constant  values of the 
parameters ts and Sw. For high  enthalpy level 
(low tE) and highly cooled walls (low Sm), all the 
data correlate as a  single curve  for each t ,  inde- 
pendent of tE and lW. These  data were fitted  to 
a  function of the  same form as  that of  reference 1, 
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FIGURE 8.-Concluded. 

namelv 

where  the  parameters P, Q, R, and N a.re functions 
of ts  as given in the following table: 

1 
1 I3 

0. 411 1. 116 0. 527 0. 686 
. 566 1. 193 . 759 . 677 

1/10 1. 195 1. 344 . 851 
1/30 1. 292 1. 558 1. 850 

. 629 

. 6 1 2  

Note  that R=1 +P- 0. Solutions  as P+m were 
used to  aid  in  determining  these  parameters. 
Equation (52) with  the  appropriate  parameters 
P ,  (3, X, and N is valid  independently of tE and 
rw within  about 5 percent for 0.5,CP<m  provided 

that Lz 1.0. For O=(P=(O.5,  the  error  may  be 

slightly  larger. This function is shown in figures 
8(a) to  8(d).  Plots of P, Q, and N against ts 
for these  conditions  are  given in figure 9 to  aid in 
interpolation.  The  parameters P and Q plotted 
as  smooth  curves in figure 9, but because the 
choice of points  through which to pass  the cor- 
relating  function (eq. (52 ) )  mas somewhat  arbi- 
trary,  the  parameter N plotted  somewhat 
irregularly and is shown in figure 9 as a set of 
discrete  points  joined by  straight lines. Equa- 
tion (52)  should not  be  sensitive  to  the  value of N. 

The efl'ect of t,<t, upon  the P dependence wa.s 
nest  investigated. Shown in figures lO(a) to IO(d) 

t s  

LI I n  .I L \ 

are  plots of the  parameter s w ' p l  ' w, for 
J X P = l ,  t,, r w >  

various  constant  values of te  in  the  range 

0 . 2 5  '<1.0 for  constant  values of tE and f W  and 

. .~ . 

t 
t S  

for t,=l, ) 5 ,  )<o, and )go. The correlation  relation 
for te=ts (eq. (52 ) )  is also sh0.u.n in  these figures, 
and it is evident that  an effect of chordwise 
dissipation  appears  in  the 0 dependence. For 
zero yaw (ts= I), this effect is negligible, a t  least 
for 0 S;PS3.5, but  as t ,  decreases, the  data diverge 
from the te=ts correlation  function. It was  found 
that  these  data could be  correlated  somewhat 
better  by  the modified  function 

[1+0.050(1"t,J (1--&)(-)] \ t s .  0.2P+1 P--1 (53)  

The form of the correction in brackets was  chosen 
such that it was unity for zero yaw  independent 
of te as the  data seem to  indicate. No numerical 
results for P+m were  available  and  the  constmts 
in the correction  factor of equation ( 5 3 )  were 
determined solely from  results  in  the  range 
0 SPg 3 . 5 .  The accuracy of this  function is about 
5 pe,lcent  over t,hk range except  again near P=O, 
where  errors may  reach 10 percent.  Figure 11 
illustra.tes  the correla.tion for  the case t,=0.1. 

Although  because of program difficulties it was 
not  generally  feasible  to  obtain locally similar 
solutions for P>3.5, a few  solutions  were  obtained 
for values of P to  about 4 (these  are  not  shown  in 
the  table)  and no significant  deviations  from the 
correlation of equation (53) were  found. 
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FIGURE 10.-Dependence of factor "(" "' 3.w) upon p f <le. Equilibrium  dissociated air; NLe= I. 
f'(P=L LC, f w )  
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FIGURE 11.-Typical result  after  elimination of "<1 effect from  factor "(" te' 'm) . Equilibrium  dissociated  air; 
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1. i-:(8 = 1, t e ,  tu:) 

N L ~ = ~ ;  t,=0.1. 

The final  result for the  first  fsctor of equation 
(51)  is  then 

valid  for ""51 but otherwise  independent of tE 

and lw. Equation (54) is  accurate  within  about 
5 percent for the  range 0.5 Sp(=4 escept when 
t,=t,, where the  same  accuracy  extends  to  infinite 
p. For the  range 0 $p<0.5, accuracy  is  about 
10 percent.  Equation (54) may  be  accepted 
tentatively  for p>4, t,<t,. 

The  effect of t ,  at  constant P.-The effect of te<ts 
a t  constant p (equal to unity  as  required  by  the 
second factor on the  right-hand  side of eq. (51 ) )  
was  determined from the numerical  solutions  as 
independent of t,, t,, and when plotted  as  the 
ratio 

t ,  

with 7 taken as a constant  equal  to 0.85 for con- 
venience. All the  available  numerical  data  are 
shown  plotted  in  this  form  against tJt ,  in figure 
12. Use of the  exact  recovery  factor where 
possible instead of the nominal  value of 0.85 
reduced  the  scatter  only  slightly  and  because  no 
convenient  correlation  formula or plot was found 
for 7, the correlation  using the  nomind  value was 
considered to  be  satisfactory. 

Shown also in figure 12 is the  function 

(55)  

which  correlates  the  data  within  about & 5 percent. 
The second factor of equation (51) may  be  found 
from equation (55)  as 

p .1 -0 .1625   " t0 .0625  t ,  t (;)1 (56) 
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Correlations for the  nonisothermal wall term.-Because the  third  factor of equation (51) is evaluated 
a t  P = 1  and t,=t,, tbe ya~vecl  infinite  cylinder  results  (eq. (41)) provide n correlation.  Equations (40) 
and (41) may be combined, the assulnption again  bcing made  that ?=O.S5, to yield the  ratio 

where the  values of cp are given by equnt,ion (31b) and  the choice of exponents depencls upon 40 as in 
equation (41); that  is, 0.45 for cps 1 and 0.67 for cpz 1. If the correlation is restricted  to cases in which 
c 

(as for  the  other  factors  in  eq. (51)), then  from  equation (31b) p<l, and equation (57) may be 

simplified, for -51, r W  to 
t S  

0. 4 
~ lL(P=1,  "- t e = t , ,  r m )  0.85+0.15t,-<fu N 
l L ( P = 1 ,  t e = t , ,  ~ ~ . s ) - ( o . 8 5 + o . l ~ ~ s - ~ u , , ~  [(NrZ:;] [ ~ . 0 2 ~ ~ ( ~ ~ 3 3 2 g - 0 . 0 2 1 3  ] 4 5  (58) 

Relation for dependence of heat-transfer  parameter  upon pS.-The fourth  factor of equa- 
tion (51) is merely the reciprocal of the first  evaluated a t  Ps, t,=t,, and <u,,s. Using equation (52) 

tE 

yields  for  axisymmetric flow 

668943--634 
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For the  yawed  infinite  cylinder ps=l and  the  factor  in  question is unity  independent of t ,  and rw. 
A relation encompassing both of these  cases  is 

with j = O  for the yawed  infinite  cylinder  and j = 1  for a body of revolution. 
Complete  correlation  formula  for  heat-transfer-distribution function.-The final result for the  heat- 

transfer-distribution  function is obtained  by  substituting  equations (54),  (56),  (58), and (60) into 
equation (51), which  yields 

~ = ( l . O 3 3 ) j  r w .  rL s (wN) [l+0.050(l-ts) ( 1 - 2  I,> (O.tT:l)] ~ [1.1-0.1625 2 t t s  

r / r \ 0.3329 10.45 

This equation is valid for the conditions t ,  = 
and p>O but is otherwise  independent of 
enthalpy level (tE) and wall enthalpy ( rw) .  Equa- 
tion (61) has a maximum possible error of about 
15 percent  compared  with  values  obtained  from 
locally  similar  solutions,  and  when  used  in  con- 
junction  with  equations (23) to (%), completes 
the  description of the  laminar  heat-transfer 
distribution on  a blunt  body of revolution or a 
yawed  infinite  cylinder. 

Comparison  with other solutions.-For  a blunt 
body of revolution,  the  present  correlation for- 
mula  (eq. (61)) may be  compared  with that for 
equilibrium  dissociated  air  with  unit  Lewis nurn- 

~ ~ " 

ber  from  reference 2. The comparison is reshicted 
here  to t.he cme  with  an  isothermal  wall  with 
rw<l for convenience. If it is  noted  that pt, of the 
present  report  is  the P of reference 2 and  that 
.$p:L2 of the  present  report  is .$ of reference 2 ,  
the  heat-transfer  distribution  from  the  reference 
may  be  written  in  the  present  notation RS 

The  equivalent expression  for t,he present  solutions 
is  obtained from equations (9), (19),  (23),  (24), 

and (61) (with E=O, f,=l, j = 1 ,  Fw=O, and ~w=(211,s<<1) as 
- 

" 

Qm. s 1+0.527po.6s6 (l.l16+0.411~0Bs6)  (0.85f0.15te) (1.10-0.1625te+0.0G25t~) (63) 

Equation (62) was  derived  in  reference 2 for 
values of p no  larger  than 2. Equation (63), on 
the  other  hand, is valid  for  all  positive  values 
of p if t,=t,. For te<ts, equation (63) was  de- 
rived  by  using  numerical  data for values of p 
up  to 3.5 and is thought to be  a  reasonable  approxi- 
mation  up  to  values of p of about 20. Equations 
(62) and (63) are  compared  in figure 13 for various 

values of t ,  over  a  range of p from 0 to 20. The 
two sets of curves  show  qualitative differences 
arising  because of the  character of the  dependence 
upon p. Equation (62) (ref. 2) tends  to  infinity 
as p approaches  infinity  whereas  the  present 
result  remains  finite. For values of t ,  of 1 and 
0.6, this is seen in  the divergence of the correspond- 
ing  curves  in figure 13 as p increases  above 10. 
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Velocity-  gradient  parameter, p 

' FIGURE l3.-Dependence of heat-transfer  distribution 
function upon p and t. for a blunt body of revolution. 
cw= 0. 

However,  for t,=0.2, this divergence must occur 
a t  values of p larger  than 20. In  the range of p 
between 0 and 10, the two equations differ by 
a t  most 5 percent  for t,=0.2 and  are  in  much 
better agreernent  for  the  larger  values of t,. 
The  present  correlation (eq.  (63)) shoulcl provide 
a better representation of the  numerical  data  than 
that of reference  2  (eq. (62)). However,  over 
the  range of p usua.lly  encountered  (roughly that 
shown in fig. 13),  the two equations will yield 
results  very  much  in  agreement. 

The present  correlations  nmy also be  compared 
with those  for  a  perfect  gas  with p = T  and  unit 
Prancltl  number from  reference  1. For  this 
comparison it is convenient  to  define  a  similarity 
heat-transfer coefficient r a s  

Then, for  a  comparison of the present  results 
with  those of reference  1, i t  is  necessary  only  to 
compare  the  ratios x / E s .  The comparison is here 
restricted  to  the  yawed  infinite  cylinder  with 
an  isothermal wall. For the present  correlations, 
from  equations (61) and (64) 

~=(")[1+0.050,,_,,,(1-~)(~)] h, Q+RPN 1 +PO" P--1 

~ .1 -0 .1625  (2)+0.0625 (?y] (65) 

where 7 is assumed equal  to 0.85. 
The corresponding  expression  from  reference 1 is 

where PI, Q1, R1, and Nl are given in the reference as 
functions of t, and  The only  qualitative 
&Terence in the form of equations (65) and (66) 
is caused by dissipation  (excluded in  the numerical 
solutions of reference 1 through  the  assumption 
that NPr=l) ,  that is, the  terms  proportional  to 
(1 -tJ and tJt, in equation (65). These effects 
are  primarily  functions of the  deviation of the 
real-air  frozen Prandtl  number  from  unity and 
are  not  necessarily  a  result of dissociation. 

Equations (65) and (66) are  compared  in figure 
14(a) ( ts= l )  and figure 14(b) (t,=O.l) for the 
case l W = O  in equation (66) (which  satisfies the 

condit,ion required  by  equation (65)  for  all 

values of t,) . For t,=t,= 1 in figure 14(a) (no 
dissipation),  the  effect of real-air  properties is to 
increase the  ratio x/& (compared  with that for  a 
perfect  gas  with Npr= 1) by a  small  amount, which 
increases with increasing p and reaches about 7 
percent a t  p=20. The  ~nasimum difference, as p 

t s  

L 

i7, Velocity-gradient  parameter, p 
(a) t .= l .  
(b) t.=O.l. 

FXQURE 14.-Comparison of the  similarity  heat-transfer- 
coefficient  ratio  for  the  present  solutions  with  that for a 
perfect gas with Npr= 1 and p a  T. Iw=O. 
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approaches  infinity, is about 12 percent.  For 
increasing  chordwise  dissipation  (decreasing te/ ts)  , 
the real-air  curves  depart  farther  from  the 
perfect-gas  curve,  with a difference of as  much 

as  about  12  percent  for “=0.2 a t  p=20. The 

same  trends  are  evident a t  large  yaw  (ts=O.l, 
fig. 14(b)), except that for  no  chordwise dissipation 

( 5 = 1 )  the real-air  and  perfect-gas  curves  are 

extremely close (escept  for p=O where the 
difference is about 5 percent). A maximum 
difference of about 12 percent is predicted  for 
infinite p with t,=t,=O.l. For  large  chordwise 

dissipation ($=0.2) real-air effects are  again 

relatively  large;  the  real-air  parameter x f i ,  
exceeds that for the Np7.=1 gas for  this  case by 
about 25 percent, for p=30. Note  th8.t  large p 

and “<0.6 will generally  cccur  only  in  regions 

of re,la.tdvely low heat,-transfer  rate. 
For  high-temperature  flight  conditions,  the 

present  solutions  supersede  the  perfect-gas  correla- 

tions of reference 1 so long a.s - 2 1 .  In  situations 

where the wall is  relatively  hot  and  this  condition 
is  not  met,  the  present  correlations  are  not  valid; 
in  such cases the correlations of reference 1 
should  give  reasonably  accurate  results  judging 
from the  comparison  for  the  highly cooled wall in 
figures 14(a)  and  14(b).  However,  the effect of 
dissipation has not been esta.blishec1 for such cases. 

SIMILAR  SOLUTIONS APPLICABLE AT HIGHER 
ENTHALPY LEVELS 

t 
t S  

t 
ts= 

l m  

t s  

Thus  far,  the  similarity  boundary-layer  equa- 
tions,  and  hence  the  solutions  presented,  have 
been  restricted  to a binary  mixture of atoms  and 
~nolecules,  appropriate  for  dissociated  air up t.o a 

nominal  static  enthalpy level -=2.0. These 

solutions  are  appropriate  to  flight velocities up  to 
29,000 feet  per second  for zero yaw,  and  to  higher 
velocities with  finite  yaw.  When the  static 
enthalpy  esceeds  about 2hE, ionization  becomes 
significant  and  the  simplest  representation of 
the  air is that of a  mixture of atoms, ions, and 
electrons. The  binary-mixture  assumption is no 
longer  valid. 

An alternate  procedure  for  computing  the 
boundary  layer  in  such  situations is to  combine 

h 
hE 

the  heat  transfer  by  particle collisions with  that 
from  mass diffusion to  form a so-called effective 
conductivity keg. (See refs. 4  and 5.) This 
approach is valid  for  multicomponent  mixtures 
but restricted  to  chemical  equilibrium  (the  present 
case). The effective Prandtl  number is defined by 

where cv ,e f f  is the effective specific heat. In this 
way  the diffusion terms  are  contained  implicitly 
in the conduction  terms  and  the  boundary-layer‘ 
equations  take  on  their  inert  gas  form. For 
example,  equations (16) to  (IS)  are  valid for an 
equilibrium  multicomponent  mixture if Npr, I is 
formally  replaced by NpT, and if Fis set  equal  to 
zero. This  substitution  is  valid  for  all  equations 
given  previously for equilibrium  dissociated  air 
and generalizes them  to  account for an equilibrium 
mixture of more than two species. This  approach 
was used to  make a brief nunzcrical computation 
in  which  appropriate  transport  properties were 
used to  extend  the  present  results  to  higher 
enthalpy levels. A description of the  procedures 
follows. Thermal  radiation  is  neglected. 

LOCALLY  SIMILAR  BOUNDARY-LAYER  EQUATIONS  IN  TERMS 
OF EFFECTIVE  PROPERTIES 

The locally  similar  boundary-layer  equations 
for an equilibrium  multicomponent  mixture  are, 
from  equations (26) to (2s) and  with  the  sub- 
stitutions  just  discussed, 

with  the  boundary  conditions of equations (29) 
and (30). The  computation  program  on  the IBM 
704 electronic data processing machine  for  equilib- 
rium  dissociated  air  was used with F=O and with 
tables of the  gas  properties pEpE/pp,  p s / p ,  and 
Npr,eg as  functions of h/hE appropriate  for  this 
case  substituted  for  the  properties used in  the 
equilibrium  dissociated  air  program. 



BOUNDARY-LAYER S I M ~ A R  SOLUTIONS FOR LAMINAR HEAT-TRANSFER DISTRIBUTION 25 

The  gas  properties were obtained  from  reference 
4 and  plotted  as  functions of enthalpy a t  constant 
pressure.  These  results  were  found to  correlate 
independent of pressure for the  ranges 

0.01521--(4 h 
- hE= 

1 0 - 4 5 P s 1 0 2  (71) 
p r e /  

with  reasonable  accuracy. (See fig.  15.) The 
correlating  funct,ions  (none of them  conveniently 
expressed by  an  analytic  function) were  pro- 
gramed ns tables,  and  the  functions  are shown in 
figures 15 (a), (b),  and  (c). 

A  group of locally silllilnr solutions was obtnined 
using this  progrnm for n rnnge of p from zero to 3.5. 
The prograln u r n s  lilllitecl to  heat-transfer  cases, 
in  most  instances  with 110 cllorclwise dissipation 
( t E = t B ) .  Vducs of t ,  of 1, 1 / 3 ,  1/10, and 1/30 were 
employed, n n d  the ent.hnlpy level pnrnmeter te 
wv11s restricted t,o 1,20.25, \vhich corresponds to 

-=--14 n.nd 1'- 541,100 feet  per  second. 
t B  h,- 
T,nstly, the wall enthnlpy  ranse for this  program 
n-ns sct as 

1 rg, 

variation of the effective Prandtl  number with 
enthalpy. As can  be seen  from figure 15(c), 

may  be  as  large  as 0.96 or as  small  as 0.28, 
and  equation (36)  can  in no way  account  for  the 
fact  that a particular  extreme  value of Wpr,*,, 

is  not necessarily  representative of the effective 
Prandtl  number  throughout  the  boundary  layer. 
The largest  departures  from  the  Reynolds  analogy 
correlation  occurred  for N$r ,c f f=0 .9 ,  whereas 
for N$r,cff from 0.5 to O.S, agreement  between 
exact  and  approximate  Reynolds  analogy  factors 
was better  (no cases were computed  for which h* 
was so large  that N$r,,J approached 0.3). It may 
be  that  the reference  enthalpy  method  might be 
modified  t,hrough alterabion of the  constants  in 
equation (3512) to  improve  its  accuracy.  This 
modification \vas not attempted.  Because of the 
nonlllonotonic  behavior of NiT,eJ ,  it  appears 
unlikcly that n single set of formulns like  equations 
(35) and (36) would be sufficient, but  instead dif- 
fe,rent fornlulns covering  different wall and  stream 
conditions mould be nec.essary. 

Axisymmetric  stagnation  flow.-Solutions for 
t,=t,=l, p=)6 were obtninecl and the  Nusselt 
nulllber  lunction 

DISCUSSION OF SIMILAR SOLUTIONS 

Flat-plate flow.-So1ut)ions for f l = O  were com- 
pared  with  resulk obt,ainecl by t.he reference 
enthalpy  method of reference 13. For  this case 
equations  (35a), (35~1, (36),  and figures 15(b) 
and 15(c) were  used with F = v m  in  equation 
(352) and  with T=JN$r,eJ in  computing lnw. 
Approximate  and  exact  results  for C r \ m  again 
agreed  mithin  about 5 percent;  however,  no  such 
good agreement was obtained  for  the  Reynolds 
analogy  factor,  where  discrepancies  as  large as 25 
to  30 percent were evident.  Although  these com- 
parisons  are  not  presented,  the following observa- 
tions  are of inkrest.  The reason  for  the  failure 
of the  reference  enthalpy  method  in  computing 
the  heat  transfer lies in  the  extreme,  nonnlonotonic 

" 

wtls collqmted and plott,ecl ns a  function of 
( p , p a / p a p m ) , s .  In this  equation  the  Nusselt  number 
is defined by  the effective conduclivity  and specific 
heat.  The  results nre shown  in figure 16, where 
i t  is apparent  that  the correlnt,ion of equation (3s) 
obtained  for  the lower  speed range  is no longer 
valid.  The  discrepancy  must  be ngnin attributed 
to  the effective Prandtl  number;  in  this case use 
of the  surface  Prandtl  number  in  the  correlation 
does not Ltccount for the  extreme  variation of local 
Prnndtl  number  through  the  boundary  layer. 
Use of the reference  enthalpy of equation (352) 
to  obtain a correlating  Prandtl  number  gave  no 
improvement  and this course  was not  pursued 
further. It was  found,  however,  that  the  data 
could  be  correlated  as a function of total  enthalpy 
level. Shown  in figure 17 are  the  data,  where  the 
parameter 
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FIGURE 16.-StJagnation-point  heat-transfer parameter  as 

a function of (E)8 for a body of revolution at high 

enthalpy levels. 

is plotted  against I=% The  data correlate 

within  about &IO percent  and  are  adequately 
t E  hE 

Enthalpy- level parameter, I 
fE 

FIGURE 17.-Stagnation-point  heat-transfer  correlating 
parameter as a  function of enthalpy-level  parameter  for 
a body of revolution at high  enthalpy  levels. 

represented by the  function, for 2 5 "5 4, 
1 

t E -  

=1+0.075 (k-2>' (73) 

For --<2 (the region  covered by the equilibrium- 

dissociated-air  calculations), the numerical data 

1 
th' 
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agree  reasonably well with  equation (38). More 
scatter is apparent in this lower enthalpy  data 
than was  present  in  the  dissociated  air  calculation; 
this is attributed  to  the  wider  range of surface 
enthalpy  used  in  the effective property  program 

and also to  the  fact  that for  0.01525- i 2  the 

effective property  calculations  are  equivalent  to 
the dissociated  air  calculations  with F=lij, not  to 
F=O for  which equation  (3s) was derived. 

The correlat.ions of equations (38) and (73) may 
be combined to yield a  formula  for  the  aero- 
dynamic  heat-transfer  function  covering  the  entire 
range of flight velocities to 41,100 feet  per second 

1 
t E -  

(tEh 0.25). This is 

and  for 0.25 5 t E  50.5, 

G,(t,)=1+0.075 

which are  valid  for  the  stagnation  point of a body 
of revolution a t  zero angle of attack  within  about 
i 10 percent. 

From equation  (74),  together  with  the  definitions of the  Nusselt,  Reynolds,  and  Prandtl  numbers  and 
t,he assumption of a Newtonian  stagnation  velocity  gradient, a heat-transfer  coefficient  may  be  derived as 

Equation (76) was evaluated  for  a  range of 
velocities and  altitudes of interest  and  the  results 
are  shown  in figure 1s. Argon-free air was 
assumed  and  the  thermodynamic  properties were 
taken  from  reference 1s. Normal-shock  relations 
were obtained  from  unpublished work of Paul W. 
Huber of the  Langley  Research  Center for argon- 
free  air.  These data parallel the  data  provided 
by  Huber in reference 19 but employ t,he 1959 
ARDC  atmosphere  (ref. 20) rather  than  the 1956 
atmosphere.  Effective  transport  properties were 
taken from  reference 4. In  figure 18(a)  the heat,- 
transfer coefficient is  plotted  against  velocity for: 
various  altitudes.  The circles represent  the re- 
sults of equation (76) for wall temperat,ures  ranging 
from 300' R to 3,600' K and  the  results  are 
essentially  independent of this  parameter.  The 
curves  represent a rough  correlating  plot for each 
alt,itude.  Because  interpolation  to  int,ermediate 
altitudes is awkward, a cross plot of the curves, 
as shown  in figure 1S(b),  may  be used to  obtain  an 
engineering approximation  for  the  computation of 
the  stagnation  point  heat-transfer coefficient. In- 
terpolation  to  intermediate velocities and  altitudes 
is straightforward. 

Stagnation flow for yawed  infinite  cylinder,- 
The  stagnation-line local enthalpy  outside  the 
boundary  layer is related  to  the  free-stream  total 
en thalpy  by 

h, = t ,  He 

and  in  the  present efl'ect,ive-property program, 
only a t  zero yam mas any effect of the high- 
ent.halpy effective properties  apparent.  For t ,  = 

nowhere  in  the  highly cooled boundary  layer  did 
the  stat.ic  enthalpy exceed the  nominal  maximum 
enthalpy  for  equilibriu~n  dissociated  air.  Thus 
for  these cases (with t s= t ,< l ,  @ = 1 )  the  results 
agreed  with  equation (41)  which  used ?=O.S5. 
For zero yaw, a correction  factor  equal  to G,(t,) 
must  be  applied  to  equation (41)  as in  the  asi- 
symmet,ric case. Because the  stagnation-line  local 
external  properties  for a yawed  infinite  cylinder 
with  free-stream  stagnation  enthalpy He are 
equivalent to those  far  another  cylinder a t  zero 
yaw  with  a lower stagnation  enthalpy  equal  to 
h,, the  high-enthalpy  correction  factor  may  be 
generalized for  arbitrary  yaw  by  substituting t&E 

for  l/tE.  Thus,  the  correlating  function  for  the 

);, ){o, alld ) io, t ,  \Vas alWi%yS less than 2tE and 
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Nusselt  number  parameter is, when (w) <1, 
P W P W  8 

and  when (e) >I 
P W P W  s 

where, for 0.5 j--, t E  

t S  

GI (2>=1 

and for 0.255 0.5, t 
t s  - 

(7%) 

For  large yaw the  results  are valid to velocities in 
excess of 41,100  feet  per  second so long as V ,  cos 
A<41,100 feet  per  second. 

figures IS(%) and IS@) ~ n n y  be used to  give ap- 
proximate  yawed-cylinder st.ngnntion-line hent- 
transfer coefficients if V, cos 11 is substituted for 
17, , h a ,  is substiLuted for 12, io  the coefficient, 
and i f  the heat-transfer coefficient is nlultiplied by 

0.767 0.57 -0.743. At vnlues of velocity  and yaw 

angle such that V ,  cos A is less than 29,000 feet 
per  second, the use of F=O.S5 should  give  sntisfac- 
tory  results bu t   a t  higher velocities this  assump- 
tion may  require modification. However,  for 

" 

?>I [(?I >1]7 figures 18(a) and lS(b) 

should  not  be used for the 'yawed cylinder unless 
W P W  s 

an  additional  correction  to  account for the  dif- 

ference-in the exponents of the (y) factor in 

equations (74) and (77) is inserted. 
The  heat-transfer-distribution  parameter.-The 

&w a 

was investigated  for  a  range of fi from zero to 3.5 
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t 

(h) Heat  transfer  plotted  against  altitude for various  velocities. 

FIGURE 18.-Concluded. 

and,  for t,=t,, the numerical d a h  were  found to 
be  correlated  by  the  same  relation as for  equi- 
librium dissociated air,  namely  by  equation ( 5 2 )  
with  the  same  values  for  the  parameters P, Q ,  R, 
and N.  The few  solutions  obtained  for t,<t,y 
indicated  reasonably  good  agreement  with  equa- 
tion (54) but did  not  correlate  too well with 
equation  (56).  The  discrepancy was such that 
use of a lower value of 7 in  equation ( 5 5 )  would 
have  accounted for the difference. At  very  high 
enthalpy levels the  recovery  factor would be  es- 
pected  to  be lower than 0.85 because of the lower 
effective Prandtl  numbers. If the  appropriate 
values of 7 were  known,  equation (55) might well 
be  applicable, but because  no  insulated wall solu- 
tions mere made in the  present  program  this 
knowledge is not  available. It is suggested that 
equation (56) be  used without  modification, 

inasmuch  as, a t  worst,  slightly  conservative  re- 
sults will be  obtained a t  very  high enthalpy levels. 
The  same  conment is appropriate  for  the  recovery 
factor  as  it  appears in the  nonisothermal wall 
term,  equations (57) and (58). Furthermore, so 
long as  the wall enthalpy is such that  the condition 

:"s 1 (required for  the  validity of the  correlations) 
t s  
is met,  no modification of the cp term  in  equations 
(57) and (5s) is necessary. As a  result,  equation 
(61) 1nay  be  applied t,o this very- high enthalpy 
case. 

SUMMARY OF EQUATIONS FOR HEAT-TRANSFER 
CALCULATIONS 

For convenience, the  correlations  obtained from 
the  numerical  solutions  reported herein are  listed 
in the foIIowing sections. 
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FLAT-PLATE  FLOW 

The flat-plate  skin-friction coefficient is (eq. 
(35a)) 

and is valid  within about 5  percent for  velocities 
up  to 41,100 feet  per second. The  heat-transfer 
coefficient is (eq. (36)) 

and is valid  within about 4  percent  up  to a velocity 
of 29,000 feet  per second. The properties p*p* /  
pepc  and N$r,l are  evaluated a t  h*, which is given 
by equation  (35c)  as 

h* G=t,=$ t* p.5 (1  +$)-0.184  (1 -:)I 
h* For - (2.0, - is,  according to  equation  (35b), 
h ~ =  P e P e  

and NSr./ is  given in table I. 

h P *P* 
h, P e P e  

For -->2.0, - must  be  conlputed  from  the 

correlation ol figure 15@)  and  the  relation 

"- P*P*_(%) 
P e P c  (') 

Because equation (36) is not valid  for  velocities 
in excess of 29,000 feet  per second, there  is no 

necessity  to evaluate Nfr , l  for ->2.0. h* 
hE- 

AXISYMMETRIC  STAGNATION  FLOW 

The heat-transfer rate for  axisymmetric  stagna- 
tion flow is  given  (from  eq. (74) and  the definition 

of the Nusselt  number) by the relation 

- p w .  s=0.767(Npr, w);O.'(He-hw)s 

where,  for  velocities up  to 29,000 feet  per second 
( t ~ B 0 . 5 ) ~  

and for velocities  from 29,000 to 41,100 feet  per 
second (0.25 5 tn S 0.5), 

1 

Equations (79) and (80) were  developed  from 
numerical data for wall temperatures  from 300" 
E to  about 1,750° K in  the lower  velocity  range 
where they  represent  the  data  within  about  5 
percent. For the high-velocity  range, the maxi- 
mum  ~.vall  temperatures  permitted  ranged  from 
3,600' E to  5,200" R, and  equations (79) and (81) 
represent the numerical data within  about  10 - 
percent.  Plots of the coefficient I?!& for 

(He-hw) s 
axisymrnetric stagnation flow as functions of 
velocity  and  altitude  are given  in  figures 18(a) 
and  18(b) for a Newtonian  stagnation-point 
velocity  gradient. 

STAGNATION FLOW FOR  YAWED  INFINITE  CYLINDER 

The yawed-infinite-cylinder  stagnation-line heat 
transfer  may  be expressed,  from equation  (77), 
and  the definition of the Nusselt  number, as 

where 
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and (ATPr ,  ,),, m ,  and Gl( tE / t , )  are given in  the following table: 

529,000 2 0 . 5  21 51 
529,000 Z . 5  >I >1 

Frozen 0.45 
Frozen . G7 

541,100  2 .25 ~1 
>29,000 <. 5 - 51 Effect ive .45 
541.100 2 . 2 5  
>29.000 1 . 5  >1 Effective .G7 

I I 

The  1nnsin1~11~ error  inherent  in  equntion (82) is about 10 percent. 

HEAT-TRANSFER-DISTRIBUTION  PARAMETER 

The heat-transfer  distribution on blunt  yawed  cylinders  and bodies of revolution a t  zero angle of 
attack  may  be  computed from  equations (23) to (25) and  the  correlation  equation (eq. (61)) 

-=(1.033)1 K O  (sN) [1+0.050(1"ts) ( 1--" :,> ( 0 ~ ~ ~ 1 ) ]  ~ [1.1-0.1625  "+0.0625 t 
.iL, s t s  

which is d i d  for T7, cos  As29,OOO feet  per 

second, '+os1 and 0 5pS4 and  represents  nu- 

rnerical data  within  15  percent.  Extension  to 
larger  values of p should not  introduce  significant 
additional  error. Values of P, Q, and AT are 
plotted  in figure 9 nnd R=l+P-Q. Lastly,  for 
29,000 feet per  second<V, cos A541,lOO feet 
per second, equation (GI) should  give reasonable, 
although solne\vllat conservative,  results. 

t s -  ' 

DISCUSSION 
VALIDITY OF ASSUMPTION  OF  CHEMICAL  EQUILIBRIUM 

Although the  present calculntions are  restricted 
to  the case of chemical equilibrium, the  results 

for dissociated air, - (2,  should  be useful for 

nonequilibrium situations  provided  t,hat  the wall 
is  catalytic  and  that,  the flow outside  the  boundar?- 
layer  is  in equilibrium. This conclusion follows 
from the  results for  dissociated air  with  arbitrary 
recombination  rates  in reference 9. Even  for a 
nonequilibrium external flow, it is believed that 
the  heat  transfer will be  little influenced b y  
finite rate processes so long as equilibrium concen- 
trations exist a t  the surface. 

Those  results  computed herein for  the  higher 
enthalpy levels characterjzed by significant ioni- 

h 
hE = 

zation, however, may  very possibly not  be  inde- 
pendent of reaction  rates  for  catalytic walls. The 
reason is  that for  nonequilibriunl chemistry, 
diflusion of electrons and ions may tend  to  set  up 
significant  electric and magnetic fields which  can 
no longer be neglected  in the boundary-l:lJ-er 
equ:'t,ions. The equilibriutn assumption,  on  the 
other  hand, requires a gas electrically neut rd   a t  
every  point by definition, and therefore the  in- 
clusion of these  terms  is unnecessary. It is of 
interest  that cnlculations of the st:Lgn:Ltion-point 
heat  transfer a t  velocities to  above 40,000 feet 
per  second  in reference 21 for frozen chemistry 
agree  substnntially  with  the  present  results,  but 
in  reference 21 the  electrical  terms mere neglected. 
If i t  is  found that  charge  sepnration  is negligible 
when  recombination  rates  are low, the  present 
results  ]nay  then  be used to  give rensonably 
accurate  predictions for the nonequilibriunl  case 
(provided  again  tlmt  the walls are  catalytic). 
These  aspects of aerodynamic  heating a t  velocities 
characteristic of lunar  and  planetary  reentries 
warrant  further  study. 

UNCERTAINTY  IN  TRANSPORT-PROPERTY  APPROXIMATIONS 
OF REFERENCE 4 

The  transport  property  values of reference 4 
are  admittedly  only  approsimations,  but  should 
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be  reasonable  for  equilibrium  dissociated air. It 
has  been  shown  here that  the  stagnation  point 
Nusselt  number  function  for  this  case is a very 
weak  function of the  transport  properties. Fur- 
thermora,  calculations of the  stagnation-point 
hmt.-trmsfer  rate  from  equation (39) and  the 
transport  properties of reference 4 generally  agree 
with the  large  body of experimental data  available 
about  as well as  do  calculations  obtained by  the 
widely  used  formula of reference 9 in which the 
Sutherland  viscosity  relation  and NLe=1.4 (a 
nominal  constant)  are used. Also, heat-transfer 
distribution will normally  be  a  very  weak  function 
of transport  properties  as  illustrated  in figures 
13 and 14. On this basis, the  transport  proper- 
ties of reference 4 may  be  accepted  for  heat- 
transfer  calculations for equilibrium  dissociated 
air. 

For  the case with  apprecinble  ionization  char- 

acterized by  the  enthalpy  range 2 5 ~ 2 4 ,  the h 
- 

uncertainty in the  vnlidity of the  tr:ulsport 
properties is greater.  The  present  solutions in 
this  range  indicate  solnewhat  greater  dependence 
upon the  transport  properties  than  in  the dis- 
sociated  air  range,  partic,ularly  upon  the  behavior 
of the effective Prnncltl number.  Further com- 
ment  must  await  esperimental or more  advancecl 
t,heoretic.nl efforts in  this  entbulpy  range. 

APPLICATION OF THE  PRESENT  RESULTS  TO 
THREE-DIMENSIONAL FLOWS 

The  application of the  he;~t-tr:ulsfer  results  for 
a body of revolution  to tllree-climensionnl flows 
with  snlall cross flow is discussed thoroughly  in 
references 3, 6, 7 ,  and S. The  present  results 
may  be  applied  to  such  problems  by  replacing 
r / L  i n  equation (25) by  the inviscid streamline 
spacing a t  the  surface  and by  integrating  this 
equation  along  the inviscid surface  streamlines. 
The  correlation  formula  for {L/{L,, (eq. ((51)) is 
applied  for t,=l and  the  factor (1.033)' in  this 
equation  is  replaced by  the  factor 

{~(~=1,te=l,{ro~s)~l.116+0.411~~~686 " 

< L ( P s ,  te=l, { ro , s )  1+0.527Ps0686 
- " _______ 

which is the inverse of equation (52) for t,=l 
applied a t  PS. The  stagnation  value of P (that is, 
&) may  be  computed  from  the  method  in  reference 
8. The  stagnation  point  heat-transfer  function 
is determined  by  applying  the  perfect-gas  method 
of reference 22 to  the  present  results, 

CONCLUDING REMARKS 

Locally  similar  solutions of the  laminar  bound- 
ary-layer  equations  have  been  obtained  for  air a t  
chemical  equilibrium at  static  enthalpies  from 
3.8RT7,, (corresponding  to a temperature of 
300' K) to l,OOOZT,,I (corresponding to a tem- 
perature of from  about 8,500' K to about 15,000' 
K, depending  upon  pressure  level),  where E is 
the gas  constant  for  undissociated  air  and Tre, is 
273.16' K. The  upper  enthalpy  limit  corresponds 
to  the  free-stream  stagnation  enthalpy  for  atmos- 
pheric  flight a t  a  velocity of about 41,100 feet  per 
second. For the  range of enthalpy  up  to 500RT,,, 
which  was  herein treated  extensively,  the  air was 
assumed  to  be  an  equilibrium  mixture of atoms 
and molecules  (equilibrium  dissociated  air),  and 
the frozen transport  properties were taken  from 
the  correlations of NASA T N  D-194. The  upper 
limit in this  entllulpy  range  cormsponds  to flight 
:it 29,000 feet  per  second. For thc  higher  enthalpy 
range,  treated  in less detail,  the  air was assumed 
to be an equilibrium mkture of atoms, ions,  and 
electrons, ancl thc effective transport  properties 
of NASA TR R-50 were  employed. 

Exact  solutions  for  flat-plate flow, asisymmetric 
stagnation flow, and  stagnation flow for  a  yawed 
infinite  cylinder  were  obtained for equilibrium 
dissociated  air  with  unit Lewis number.  For  the 
flat  plate  the well-known reference enthalpy 
approximation  gave  escellent  agreement  with  the 
cmct solutions.  Correlations  for  the  stagnation- 
flow Nusselt  number  parameter were determined 
m d  found  to  be  little  different  from  previous 
results  obtained by using other  estimates of the 
thermodynamic  and  t.ransport  properties  for  air. 
It was  shown,  however, that  the  absolute  hent- 
transfer  rate would  depend  more  strongly  upon  the 
air  properties.  The effect of nonunit Lewis num- 
ber was found  to  be negligible for the  enthalpy 
range  characteristic of equilibrium  dissociated  air. 

Locally  similar  solutions  for  equilibrium dissoci- 
ated  air were  employed to  determine  a  correlating 
expression for  the  function  used  in  computing  the 
heat-transfer  distribution  on a body of revolution 
a t  zero angle of attack or on  a  yawed  infinite 
cylinder  with  arbitrary  favorable  pressure  gradient. 
Application of this  correlation  to  the  integral  and 
simple local similarity  methods of NASA TN 
D-625 was  described.  Comparison of this func- 
tion  with  previous  results  based on different  gas 
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property  assumptions  indicated  moderate de- 
pendence  upon  the  assumed  Prandtl  number, 
although  the  strongest effect  occurred  for  condi- 
tions  where  the  heat  transfer mould be  relatively 
low. 

For the  enthalpy  range  where ionization  is 
important  (above 50OE:TTef) a  small  group of 
locally  similar solutions mas obtained. It was 
found  that  the  flat-plate  and  stagnation-flow 
heat-transfer  results  were as much as 30 percent 
higher  than  a  simple  extrapolation of the  results 
for  equilibrium  dissociated  air. This  behavior is 
attributed  to  the  low effective Prandtl  number 
predicted in NASA TR R-50 at  such  high  enthal- 
pies. A modified correlation formula  to  take 
these  resulk  into  account  for t,he stagnation 

point  was  found  and a graph of a  stagnation-point 
heat-transfer  function  was  plotted  as  a  function 
of fight velocity and  altitude. It was  also 
found  that  the  heat-transfer-distribution correla- 
tion  formula  found  for  equilibrium dissociated air 
was  useful at  the  higher  enthalpy  range.  A 
summary of equations  for  computing  heat  transfer 
is included. 

Adaptation of the  present  results  to  the com- 
putation of heat-transfer  distribution  for  three- 
dimensional flows with  small cross flows was 
briefly  described. 

L.4NGLEY RESEARCH CENTER, 
NATIONAL AERONAUTICS AND SPACE  ADMINISTRATION, 

LANGLEY AIR FORCE BASE,  VA., M a y  22, 1961. 
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APPENDIX 
SIMILARITY  BOUNDARY-LAYER FUNCTIONS FOR  EQUILIBRIUM  DISSOCIATED AIR 

BOUNDARY-LAYER-THICKNESS  FUNCTIONS 

The boundary-layer  integral  equations  for 
equilibrium  dissociated  air  may  be  obtained  from 
equations (16) to (18). First it is convenient 
to change  the form of equation (16) by  substitution 
for the  term t / t c  from  equation (20). The  result  is 

The similarity form of equtition (AI) could also 
have been  employed in place of equation (26) 
in  obtaining locally similar  solutions.  Equations 
(AI), (17), and (IS) are  nlultiplied by dv and  in- 
tegrated across the  boundary  layer  from q=O 
to q+m using boundary  conditions (21) and 
( 2 2 ) .  The  results  are 

Equations (A2) to (A4) are  general  within  the 
boundary-layer  assumptions  and the  assumption 
of an equilibrium  binary  mixture.  Although 
these  equations  are  cast  in  the  similarity  coordinate 
system, no assumption of local similarity is as 
yet implied. 

For  locally  similar profiles, equations (A2) 
to (A4) reduce to 

@:,=.G "P e (ATr S O T , )  
t 

(-49) 
t s  

E,, = g l  (A1 0) 

In  table  III(a), listings of the  results of the  similar 
solutions  include f:, g;, <;, and AT,. The 
thicknesses e;,, E,,, and et, are  not  listed,  but 
may  be  computed  from  equations (A9) to (Al l ) .  

Note  t,hat  for  a  perfect gas with  constant specific 
heat.s, AT, may  be  written  in  terms of other  pa- 
ran~eters as follows: Since for this  special case 

&=-, then 
P f c  

t 

and using equation (20) and  rearranging  gives 

where 

3 5  
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n m  

Substitution of equation (A12) into  the  integrated 
chordwise  momentum  equations  (eqs. (A2) and 
(A9)) puts  equations (A2) and (A9) in  the perfect- 
gas form used in references 1 and 17. 

SKIN-FRICTION AND HEAT-TRANSFER  FUNCTIONS 

Chordwise  and  spanwise  skin  friction  are  given 
by 

Application of the  transformation  equations (9) 
to (15) and  the  assumption of locally simi1n.r 
profiles gives 

In terms of skin-friction coeficients,  equations 
(A17) may  be  rewritten 

The heat-transfer  rate  at  the  surface  for  a  gas 
composed of a  reacting  nlixture of atoms  and 
molecules  is  (ref. 5, for  example) 

or, in the  similarity  coordinate  system 

Definition of the  Nusselt  number  leads to the 
relation 

where 
{a:aw=ta-l-7(l-te) (A23 

REFERENCES 

1. Beckwith,  Ivan E., and  Cohen,  Nathaniel  B.: Appli- 
cation of Similar  Solutions t o  Calculation of Laminar 
Heat  Transfer on Bodies With  Yaw  and  Large 
Pressure  Gradient  in  High-speed  Flow.  XASA 

2. Kemp, h7elson H., Rose,  Peter H., and  Detra, Ralph 
W.: Laminar  Heat  Transfer  Around  Blunt Bodies 
in  Dissociated Air. Jour.  Aero/Space  Sci.,  vol, 26, 

3.  Cohen,  Nathaniel  B.,  and  Beckwith,  Ivan E.: 
Boundary-Layer  Similar  Solutions  for  Equilibrium 
Dissociated Air and Application to  the  Calculation 
of Laminar  Heat-Transfer  Distribution  on  Blunt 
Bodies  in  High-speed  Flow.  For  presentation a t  
the  Second  International  Heat  Transfer  Conference 
(Boulder,  Colo.),  Aug. 28-Sept. 1, 1961. 

4.  Hansen,  C.  Frederick:  Approsirnations  for  the 
Thermodynamic  and  Transport  Properties of 
High-Temperature Air. XASA T R  R-50, 1959. 
(Supersedes  NACA T N  4150.) 

5. Cohen,  Nathaniel  B.:  Correlation  Formulas  and 
Tables of Density  and  Some  Transport  Properties 
of Equilibrium  Dissociating Air for Use in  Solutions 
of the  Boundary-Layer  Equations.  NASA T N  
D-194,  1960. 

6. Cooke, J. C., and  Hall, M. G.: Boundary  Layers  in 
Three  Dimensions.  Rep.  NO.  Aero. 2635, British 
R.A.E., Feb. 1960. 

T N  D-625,  1961. 

11.0. 7, J d y  1959, pp. 421-430. 

7. Vaglio-Laurin,  Roberto:  Laminar  Heat  Transfer  on 
Three-Dimensional  Blunt  Xosed  Bodies  in  Hyper- 
sonic Flow. .4RS Jour., vol.  29,  no. 2, Feb. 1959, 

8.  Beckwith,  Ivan E. :  Similarity  Solutions  for  Small 
Cross  Flon-s  in  Laminar  Compressible  Boundary 
Layers  XASA TR R-107, 1961. 

9. Fay, J. A., and Riddell, F. R.: Theory of Stagnation 
Point  Heat  Transfer  in  Dissociated Air. Jour. 
Aero.  Sci., vol. 25,  no. 2, Feb. 1958, pp. 73-85, 121. 

10. Hayes,  Wallace D., and  Probstein,  Ronald F.: Hyper- 
sonic  Flow  Theory.  Academic  Press,  Inc. (New 
York), 1959, pp. 292-294. 

11. Lees,  Lester:  Laminar  Heat  Transfer Over  Blunt- 
Xosed  Bodies a t  Hypersonic  Flight  Speeds. J e t  
Propulsion,  vol.  26, no. 4,  Apr.  1956, pp. 259-269, 
274. 

12.  Reshotko,  Eli,  and  Beckwith,  Ivan E.: Compressible 
Laminar  Boundary  Layer  Over a Yawed  Infinite 
Cylinder  With  Heat  Transfer  and  Arbitrary  Prandtl 
Number.  NACA  Rep.  1379,  1958.  (Supersedes 
NACA T N  3986.) 

13.  Eckgrt,, Ernst  R.  G.:  Survey on Heat  Transfer at 
High  Speeds.  WADC  Tech.  Rep. 54-70, U.S. Air 
Force,  Apr.  1954. 

14.  Wilson, R. E.: Real  Gas  Laminar  Boundary  Layer. 
Skin  Friction  and  Xeat  Transfer. U.S. Naval Ord. 
Lab.  (White  Oak,  Md.),  Apr. 11, 1960. 

PI>. 123-129. 



BOUNDARY-LAYER  SIMILAR  SOLUTIONS  FOR  LAMINAR  IFEAT-TRANSFER  DISTRIBUTION 37 
15. Van  Driest, E. R. : Investigation of Laminar  Boundary 

Layer  in  Compressible  Fluids  Using  the  Crocco 
Method.  NACA T N  2597,  1952. 

16. Sibulkin, M.: Heat  Transfer  Near  the  Forward 
Stagnation  Point of a Body of Revolution.  Jour. 
Aero.  Sci. (Readers'  Forum),  vol. 19, no. 8, Aug. 
1952, pp. 570-571. 

17. Beckwith,  Ivan E.: Similar  Solutions  for t he  Compres- 
sible  Boundary  Layer  on a Yarned Cylinder  With 
Transpiration Cooling.  NASA TR R-42,  1959. 
(Supersedes  NACA T N  4345.) 

18. Moeckel, W. E., and  Weston,  Kenneth C.: Composi- 
tion  and  Thermodynamic  Properties of Air in 
Chemical  Equilibrium.  NACA T N  4265,  1958. 

19. Huber,  Paul W.: Tables  and  Graphs of Normal- 
Shock  Parameters at Hypersonic  Mach  Numbers 
and Selected  Altitudes.  NACA T N  4352,  1958. 

20. Minsner, R. A., Champion, K. S. W., and  Pond, H. L.: 
The  ARDC  Model  Atmosphere, 1959. Air  Force 
Surveys  in  Geophysics  No. 115 (AFCRC-TR-59- 
267), Air Force  Cambridge  Res.  Center, Aug. 1959. 

21. Adams,  Mac C.: A  Look at the  Heat  Transfer  Problem 
at Super  Satellite  Speeds.  [Preprint] 1556-60, 
American  Rocket SOC.,  Dec. 1960. 

22. Reshotko,  Eli:  Heat  Transfer t o  a General  Three- 
Dimensional  Stagnation  Point.  Jet  Propulsion, 
vol. 28, no. 1, Jan. 1958, pp. 58-60. 

TABLE 1.-GAS PROPERTY  CORRELATIONS  FOR 
EQUILIBRIUM  DISSOCIATED  AIR  AT  CONSTANT 

PRESSURE, 10-4s 5 1 0  
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~ 



TABLE 11.-A KEY TO THE TABLES O F  SOLUTIONS FOR EQUILIBRIUM  DISSOCIATED  AIR 

(a) Heat-transfer cases; F=O (NL.=~! 

t R  
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10 
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I 
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TABLE 11.-A KEY TO THE  TABLES  OF  SOLUTIONS  FOR  EQUILIBRIUM  DISSOCIATED  AIR-Continued 
(a)  Heat-transfer cases; F=O (N~.=l)-Concluded 

.. 

1. I- 1.  
1. 
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TABLE 11.-A KEY  TO  THE  TABLES  OF  SOLUTIONS  FOR  EQUILIBRIUM  DISSOCIATED AIR-Concluded 
(b)  Insulated  wall cases, F=O ( N L . = ~ )  

. ~- 
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~ 
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TABLE 111.-TABLES OF  SIMILAR  SOLUTIONS  FOR  EQUILIBRIUM  DISSOCIATED  AIR, F=O ( N ~ e = l )  
(a) Heat-transfer  cases 

Case 5: 
1 ,- "1't.c , E-1; ta=lO; V, =6,000 Ips; r,=0.152; h"=0.0152; 
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,2753  ,4706 1.0 
,2648 ,4510 . 5  

0.2428 0.4113 

2.2 ,4960 .2890 
1.8 .4893  ,2854 

2.6 ,5015 ,2919 
3.0 ,5063 ,2944 
3.4 ,5104  .2986 
3.5 .?Y71 .5114 

0 
. 5  

1.0 
1.4 

2.2 
1.8 

2.6 
3.0 

- . .  . 

-1.945 
-2.654 
-2.892 
-3.009 
-3.094 

"3.216 
-3. 161 

-3.261 
.. 

0. Di26 0. 521 1 
.7?58 . i952 
,8295 
,8550 
.8749 
,8912 
.go48 

0.5211 
2.276 
3.357 
4.054 
4.663 
5.209 

6.175 
5.710 

7.816 

4.383 
5.065 

4.084 
3.880 
3. 729 
""" 

""" 

1.0 
1.040 

1.093 
1. C70 

1.112 
1.128 

. Y177 

CSC 8: 

- .. - . " . . 

Csse 4: 

-1. 1. .- .c- -1; 1a=65.8; I'm=O fps; r,=6.579; "=0.1000; 
h 
h R  N p r . h  ,=0.699; &=0.7833 

PWPW 
Np,.,.,=0.768;  -=1.969 

D V U V  

~- 

0.4379 
.4885 

.5255 
,5126 

.5355 

.5435 

.5503 

.6560 

.%lo 

.5621 . 6972 
~. 

0 
. 5  

1.0 
1.4 
1.8 
2.2 
2.6 
3.0 
3.4 
3. 6 
m 

0.4379 

1.091 

,9560 .7481 
0.8627 

Loo0 .8557 
1.023 

1.209 1.041 
1.316 1.056 
1.414 1.068 
1.505 1.078 
1.590 
1.610 

1.087 

1.317 _____._ 
1.089 

0 

1.0 
.5  

1.4 
1.8 
2.2 
2.6 
2.9 

. .. 

0.5246 
.7575 
,8332 
.8704 
.8978 
.9193 
,9367 
.9479 

0.5246 
2.613 

0.6463 

1,000 3.886 
.9139 

4.704 1.042 
6.418  1.073 
6.059 1.097 
6.646 1.116 
7.057 1.129 

9.894 
6.292 
5.460 
5.100 
4.855 
4.674 
4.535 
4 449 

I I I l l  lll1l1l1l11 
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TABLE 111.-TABLES OF SIMILAR  SOLUTIONS FOR EQUILIBRIUM  DISSOCIATED  AIR, F=O (NL,= 1)-Con. 
(a) Heat-transfer  cases-Continued 

A:. 

4. PI2  

. - - - . . -. -. - 

Case 13: 

t,=l; 2=0.2; ts=lO; Vm =6,000 Ips; rW=O.5; 2=0 .05 ;  t h 
t. h E  

Np,.~,,=0.699; ==1.385 
PUlrU 

Case 9: 

t a- -1. , t.= t ,  1; 1 ~ = 1 0 ;  Vm =6,000 Ips; r,=0.75; 2=0.075;  h 
h R  

Np,.,.,=0.735; *=0.9149 
PMfiL" 

.. . - 

0.8945 

1.000 

1.033 
1.019 

1.045 
1.055 

1. O i l  
1.063 

. -. . -. - 

- 

0.4752 

,9778 
- - - - -. 
1.112 
1.230 
1.336 
1.434 
1.525 
1.810 

- " 

0 I 0.4752 1 0. 1518 0 
. 5  

1.0 
1.4 

2.2 
1.8 

2. 6 
3.0 
3.4 
3. 5 
m 

0.1013 
,1141 
,1199 
,1230 
,1254 
,1272 
.1288 . 1302 
,1313 . 1310 
,1608 

0.4580 0.8444 
,8517 ,9512 

1.114 1.000 
1.285 1.026 
1.436 1.046 

1.696  1.074 
1.571 1. 061 

1.811 1.085 

1.946 1.097 
____... 1.341 

1.920  1.095 

0.4580 
,5194 
.5478 
,5629 
,5745 
,5838 
.5915 

. 6039 
,5981 

.6052 
,7570 

1 .0  
. 5  

1. 4 

2.2 
1.8 

2. 6 
3 . 0  
3.4 

""""" 

2.738 
2.421 
2.188 

1.863 
1.744 
1.643 

2. oon 

- - -. - - - -. 
.5711 

1 ,5901 
,6052 . GI77 
,6283 
,6375 . 6457 

Case 1.1: 

0 

1.0 
. 5  

1.4 

2 . 2  
1.8 

2 .6  

3.4 
3.0 

3.5 
m 

0.29i5 
.4182 
,4971 
,5468 
.5894 
,0289 
,660T 
,6916 
,7901 
.i269 

0.8984 
,9658 

1.000 

1. 033 
1.019 

1.054 
1.045 

0.2975 0.2442 
, 3 2 1 2  
,3333 

,2625 
,2718 

,3400 . 2iR8 
,3451 .28Oi 
,3492 
,3527 

.283P 

,3557 
.2865 

,3583 
. 2888 
.?go7 

,4287 
,3589 

.3416 
,2912 

0 

1.0 
. 5  

1.4 
1.8 

2.6 
2.2 

3.0 
3 .2  

0.4442 
,4954 
.5205 
.5342 
,5448 
,5534 
,5606 
,5667 

0.1805 

,2074 
.1987 

,2120 
.2156 
,2185 
,2209 
.2229 
.2238 

0.4442 0.8706 
,7442 ,9562 
,9465 1.000 

1.195 1.040 
1.079 1.022 

1.300 1.053 
1.396 1.065 
1.485 1.075 
1.527 1.079 

1.002 

1. Oil 
1. O i O  

1.257 ,5695 -. . . . . - 
". -~ " . 

Case 11: 

L = I ;  &=0.6; ts=10; vm =6,nno Ips; <,=0.50; "=0.05; 

Np,./.,=0.699; p"(=0.9367 

h 
t a  h s  

PlrPUl 
~ "" . _ _ _ _  

Np,./ .,= 0.681;  *=0.3448 
PUl lW 

I I I 
- -~ 

0.8957 

1.000 
,9650 

1.034 
1.019 

1.055 
1.064 
1. Oil 
1.073 

1.046 

"- " . 

0 
. 5  

1.0 

1.8 
1.4 

2. 6 
2 . 2  

3. 0 
3.4 
3.5 

0.4521 

,5305 
,5040 

,5566 
,5452 

0. l i23 

. 1959 
,1852 

,2000 
,2032 
,2058 

0.4521 
,741 1 
,9387 

1. 068 
1. 182 
1.284 
1.379 
1.466 
1.548 
1.568 

0 
. 5  

1 .0  
1.4 

2. 2 
2. 6 
3.0 
3.4 
3 .5  

1. n 

0.3195 
,3457 
,3591 
,3604 
,3721 

,3805 
,3767 

,3838 
.38R6 
,3873 

0.2466 ' 0.3195 
,2656 
. X 5 3  ,5471 

,4569 

,2805 
,2846 

,0045 

,2878 
,6539 . 69i6 

,2905 
,2929 

,7371 

.2949 
. Ti33 

,2954 1 .a149 
. snm 

0. Pi98 
.90OG 

1.000 
1.021 
1.03 i  
1.051 
1.062 
I .  O i l  
1.079 
1.081 

,3359 . 5738 
,5505 
.5865 
,5878 

.2079 
,2098 
,2114 
.2118 

- 

Case 10: 

Np,.~.,=O.685; *=0.4014 
P U f i W  

Np,.r..=O.G99;  *=1.081 
P W W  

~- - 

0.4620 . i425 
,9367 

1.064 
1. l i i  
1.278 

1.458 
1.371 

1.539 
1.558 

". - 
0.8892 

1.000 
,9633 

1.020 
1.035 
1.048 
1.058 
1. OGi 

1. 077 
1.075 

. 
I 

0 
.5 

1.0 
1.4 

2.2  
1.8 

2.6 
3.0 
3.4 
3.5 

0.4620 
.5158 
,5444 
,5605 
,5731 
,5836 
,5924 
. 6000 
.6068 
,6083 

0 
. 5  

1.0 
1.4 

2.2 
1.8 

2.6 
3.0 
3.4 
3.5 

0.3414 
,4978 
,6012 
,6672 . 7244 

. 8 2  13 
,7752 

.a636 
,9029 
,9124 

0.2576 
.2i83 
,2837 
.2943 
,2987 

,3051 
,3076 
,3098 
.3103 

.3n22 

0.8925 
,9640 

1.000 
1.020 
1.035 
1.047 
1.057 
I. 06G 
1.073 
1.075 

-_ 02481 

-.05310 
- ,06353 
-. 07238 
-. 07438 

-. 04048 
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TABLE 111.-TABLES OF  SIMILAR  SOLUTIONS  FOR  EQUILIBRIUM  DISSOCIATED  AIR, F=O (NL,=l)"Con. 

(a) Heat-transfer  cases-Continued 

Case 17: 

ha 

N~,./.w=0.699; E' =0.4497 
P W P W  

Case 21: 

t ,=l;  G=l; ta=l; Vm =20,400 Ips; ru=0.05; 2=0.05;  
h 

'a ha 

NP,./.I.=O.~SS; =0.3550 
P W P W  

0 
. 5  

1.0 
1.4 
1.8 
2.2 
2.6 
3.0 
3.4 
3.5 

0.3584 
.3900 
.4059 
.4146 
,4214 
.4268 
.4313 
.4352 
.4386 
.4394 

0.2679 
,2901 
,3012 
.3072 
,3119 
.3156 
.3187 
.3214 
,3237 
.3243 

0.8894 
,9631 

1.000 
1.020 
1.036 
1.048 
1.058 
1.067 
1.075 
1.077 

0.2437 
,1057 
.04528 
.01505 

-. 02417 -. 03796 -. 04933 
-. 08799 
-. 06119 

0 

0.3831 
,2044 
.1278 
,08982 
,06210 
,04073 
,02353 
,009336 -. 00268 

- ,00537 
- - -. . . - -. 

~~ ~ 

0.3230 
,4705 
,5682 . 8306 . 6845 

.77% 

. 7 3 u  

.a157 
,8527 
.8816 
- ." 

0.8932 
,9641 

1.000 
1.019 
1.034 
1.047 
1.057 
1.065 
1.073 
1.075 

0.2580 
,2785 
.2889 
,2945 
.2988 
,3023 
,3053 
,3078 
.3099 
,3104 

0 

,3830 2.2 
,3782 1.8 
,3722 1.4 
.3646 1.0 
.35m . 5  

0.3230 

3.0 .3905 
2.6 ,3870 

3.4 ,3935 
3.5  ,3942 

- . ~ .  

Cnsc 22: h-=0.10; 
he 

. "  

0.8796 

1.000 
,9603 

1.021 
1.038 
1.051 
1.082 
1.072 
1.080 
1.082 
1.303 
" 

Vm =14.300 s; ry=o 2 0 ;  fP 

t .- -1' '1.- "-1; t a = ~ ;  =20,400 Ips; r,=0.075; lr,=0.0i5; 
/ I  B 

Arp,.f,,=0.735; =0.4146 
P U P -  

. .  ". 
I I 1 1 1 

N~,./.,=0.768; E' =OS790 
P-PW 

0.3965 
,4352 
,4545 
,4649 
.4729 
.4795 
,4848 
,4896 

.494s 

.4937 

. 6079 

0.2890 
,3155 
,3285 
.3356 
,3410 
,3454 
,3490 
.3521 

.3555 
,3548 

. a 8 0  

0.3965 . F205 
.7705 . e677 
,9526 

" 

1.029 
1.098 
1.162 
1.222 
1.237 

0 
. 5  

1.0 
1.4 

2.2 
1.8 

2.8 
3.0 
3.4 
3.5 

0 
. 5  

1.0 
1.4 

2.2 
1.8 

2.6 
3.0 
3.4 
3.5 

0.3461 
,3765 
. m n  

0.2832 
.30G4 
,3180 
.3243 
,3282 
.3332 
,3384 
,3393 
,3417 
,3423 

0.3461 

.I7235 
,5127 

.6947 
,7584 

.a614 
,8114 

,9074 
,9502 
.9G05 

0.8004 
,9834 

1.000 
1.020 
1.035 
1.048 
1.058 
1.067 
1.074 
1.076 

0.2290 
,09701 
,03905 
.01001 -. 01125 -. 02773 -. 04101 

-. 05200 -. 06126 
-. 06339 

. ..~. 

.4004 

.4m9 

.4122 

.4166 
,4204 
,4237 
,4245 

m 

- 

Cnse  19: 

t,=l;  t"=l; t s = l ;  Vm =20,400 fps; <,=0.0152; 1,.=0.0152: 
1. h K 

,=0.709; &!La =0.?322 
PVPlD 

. - ". ~ 

I 

N P v , r .  

- 
0 
. 5  

1.0 
1.4 

2.2 
1.8 

3.0 
2.6 

3.4 
m 

Cnse 20: 

,=O.i68; *=0.4571 
PVPvl 

. . " . 

0.3807 
,3933 

0.3004 

..IO98 
,3257 

. 4  187 
,3383 

,4257 
,3452 
.3504 

,4313  ,3547 
,4360 
,4401 

,3583 

,4436 
,3613 

.4444 
,3640 
,3646 

J V P . . l . #  

0 
. 5  

1.4 
1. 0 

1.8 
2.2 

3 .0  
2. 6 

3.4 
3.5 
~- - 

. - ~- 

0.1173 

-. 01139 
,02835 

-. 03142 -. 04610 -. 05752 -. 066iO -. 07430 -. 08079 

0.2652 

,4470 
,3752 

,5314 
,4924 

.5G57 
,5966 
,6248 
.6508 

- ~ .. 

""" 

0.89iT 
. 9654 

1.000 
1.019 
I .  083 
1.045 
1.055 
l.OG3 
1.070 
1.260 

0.8880 

1.000 
.9G27 

1.020 
1.036 
1.048 
1.059 
1.068 
1.076 
1.078 

"" 

0.3607 
,5422 
,0633 
,7414 
,8092 
,8698 
,9249 
,9758 

". " 

1.035 
1.023 

0.2652 
,28137 

0.2230 

,2978 
.2399 

.SO38 
.2485 

,3085 
,2531 

,3123 
,2567 
,2596 

,3154 
.3182 ,2641 

,2821 

.3'205 

.3847 
,2659 
,3131 

0.2653 
,1219 
.05922 
.02791 

-. 01278 
.0050l7 

- ,02704 -. 03887 -. 04886 
-. 05114 

- . , 

Cnse 24: 

&=I;  l-'=O.8; t s = l ;  Vm=20,400 Ips; rw=0.0152; 2=0.0152; 

Np,.,.,=0.709; *=0.2505 

h 
t. ha 

PIEPI. 
" 0.2948 

.3193 

.3318 
,3386 
,3439 
.3482 
.3518 
.3649 
,3576 
.3582 

0 
. 5  

1.0 
1.4 
1.8 
2.2 
2.6 
3.0 
3.4 
3.6 

0.2948 

.5m8 

.4227 

.5603 . 6063 
,6471 
,6839 
.7176 
,7488 
,7563 

0.8957 
.9649 

1.000 
1.019 
1.034 
1.046 
1.056 
1.061 
1.071 
1.073 

0.1484 
.04597 

-. om64 
.00038 

-. 03938 -. 05241 -. 06282 -. 07163 -. 07900 -. 08068 

0 
.5  

1.0 
1.4 

2.2 
1.8 

2.6 
3.0 
3.2 

0.2703 
.2916 
,3030 
.3093 
,3142 
.3182 
.3216 
.3245 
.3268 

0.2206 
,2365 
.2449 
. a 9 5  
,2531 
.2560 
.2585 
.2606 
.2616 

0.2703 
,3733 
,4415 
.4&47 
,5218 
.5544 
,5838 

.I5233 

.6107 

0.9008 
,8658 

1.000 
1.019 
1.034 
1.046 
1.056 
1.064 
1.068 

0.1702 
.06810 

-. 003914 
.02044 

-. 02190 -. 03593 -. 04728 -. 05672 
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TABLE 111.-TABLES OF  SIMILAR  SOLUTIONS  FOR  EQUILIBRIUM  DISSOCIATED  AIR, F=O (NL.=l)-Con. 
(a)  Heat-transfer  cases-Continued 

Case 25: 
t 
t .  h E 

t,=l; ".=0.6; t ~ = l ;  vm =20,400 rps; r,=0.0152; --Y=o.n152; 
h 

Case 29: 

t,=1; 5=0.6; ta=l; V m  =20,400 rps; r,=0.03;  &=0.03; 
1. h a  

Np,.r.,=0.680; ==0.3462 
PWPU NP. 

" 

0.2926 

.1028 

.1717 

. OGiOG 

.04041 

.01955 
,00262 -_ 01148 

_ _  . . . . . -. 
0.2764 0.9035 
.3718 .9656 
,4360 1.000 
.4768 1.019 

.5428 1.047 

.5i07 1.058 
,5961 1. 06i . 6138 1.073 

,5119  1.035 

" 

0.2577 
.I349 

,04374 
,07491 

,02049 
.002271 -_ 01251 -. 02483 

""""" 

0 
. 5  

1.0 
1.4 
1.8 
2.2 
2.6 
3.0 

0.3071 
.3311 
.3444 
,3519 
.35i8 

.3669 
,3027 

.3704 

0.2293 
,2454 
.2543 
.2593 
.2632 
.2G64 
.2692 
,2715 

0.3071 
,4181 

.5415 
4933 

,5830 . 6198 
,6531 
,6835 

0 
. 5  

1.0 

1.8 
1.4 

2.6 
2.2 

3.0 
3.3 

0.9018 
.9652 

1. no0 
1. n2o 
1.035 
1.048 
1.059 
1.068 

0.2764 0.2189 
.2975 
,3093 

.2340 

.3159 
. x 2 3  

,3212 
.2470 

.3255 
.2507 

,3291 
.2537 

.3323 
.2563 

,3344 
.2585 
.2599 

Case 2G: 

t ,=l; &=0.4; t ~ = l ;  Vm=20,400 Ips; rW=0.0152; "-=0.0152; 
1. h a  

0 
. 5  

1.0 
1.4 
1.8 
2.2 
2.6 

3.4 
3.0 

0.3153 
.3391 
.3530 
.3611 
,3675 

0.3153 
.4163 
.4862 
.5312 
.5i01 . 6047 

0.9039 
.9G46 

1.000 
1.020 
1.037 
1.050 

0.5135 
.3279 
,2329 

.1445 
,1825 

.1147 

.09034 

.06999 
,05264 

0 
. 5  

1.0 
1.4 
1.8 
2.2 
2.6 
3.0 
3.4 

0.2840 
,3049 
,3172 

,3301 
,3244 

.3348 

.338S 
,3423 
.3454 

0.2185 
,2329 
,2413 

,2500 
. 24Gl 

.2R32 

0.2840 
,370i 

,4686 
.5015 
,5306 
.5567 

. G02i 
,5806 

,4304 

0.9055 0.4294 
.9G52 

1.000 
.2682 

1.020 
,1855 

1.036 
,1416 
.I085 

1.050 . OS248 

1. Oil 
. 06123 

1.080 _ _ _ _ _ _ _ _ _ _  ,04346 
1. nrrl 

.3729 

.3815 

. 3 i i 5  

,3849 

.2655 
,2884 
.2710 
,2732 

,6359 

,6909 
.6645 

1.062 
1.072 
1. 080 

. ".~ 

.2559 

.2583 

.2604 

52; ?=0.0152; h 
h a  

=l; V m  =20,4 

Np,.,.,=O.680; &!% =0.5048 
PVPW Npr.,.,=O.709;  =0.4028 

PVPvl " ." 

I 0.3263 
.414G 
,4778 
,5189 
,5546 
,5865 . GI53 
. 641i  . 6FG3 
. 6721 

" - 
0.9052 

.9G33 

.. 

1. oon 
1.022 
1.040 
1.055 

1. oxo 
1.068 

1,092 
I. ngo 

" 

0.2298 
,2446 
,2539 
,2595 
.2640 
. 2Gi8  
. E l 2  
.2i41 
. 2 i G i  
. X i 3  

1.085 . 7834 . FIT5 
.5274 
.4589 
,4044 
.3591 
,3222 
,2901 
,2825 

L.2941 " 

I .  Oi8 .5G29 
1. O G i  .540i 
1.054  ,5164 
1.039  ,4895 
1.022  ,4592 
1.000  ,4241 
,9638 ,3701 

-0; 9065 

,5634 1.089 

0 0.3283 
. 5  ,3500 

1.0 .3G49 
1.4  .3i3R 
1.8 .3811 
2 . 2  ,3872 
2. 6 ,3925 
3 . 0   , 3 9 2  
3.4 ,4013 
3 .5  ,4023 

0.9216 . G591 
,514i 
,4363 
.3i66 

0 
. 5  ,3149 

.33GO 1.4 

.2339 

,3424 1.8 

,2427 
.24i9 
,2522 

2 . 2  ,3479 ,2558 
2.6 ,3528 .2589 
3.0 ,3567 

,2642 .3604 3.4 
,2617 

n. 2941 0. 2zno 

1.0 ,3281 

-~ ." 
Case 28: 

& = l ;  ?=0.8; t a = l ;  Vm=20,400 fps; r,=0.03; 2 = 0 . 0 3  t h 
1. h E 

Np,.,.,=0.680; ==0.3139 
PlrPul 

"_ - 

0.2955 

,3314 
,3191 

.338 I 

.3433 
,3476 
.35 12 
,3542 
,3563 

. 

- 

0.2107 
,09301 
.03832 
.01042 -. 01018 

-. 02625 

-. 05005 -. 05247 

-. 03925 

- 
0 
. 5  

1. 0 
1.4 
1.8 
2.2 
2. 6 
3.0 
3.1 

0.8989 

1.000 
,9652 

1.034 
1.046 

1.065 
1.06i  

" 

1.019 

1.057 

0.3Gil 
. 53 i i  
,6530 
,7276 
,7925 
.8504 
,9032 
.9519 
.98G2 

. ~. ___~ ~ 

0.2313 n. 3004 
,2483 

.2692 
,2661 

,5511 ,2622 
,5002  ,2573 
.4203 

,5950 
,6338 

. E 1 9  ,6689 
,2741 . 7010 
.2746 . 7086 

~ 

0 

1.0 

0.36i l  

.41G3 
. 5  ,3994 

1.4 ,4257 

2.2 ,4390 
1.8 .4330 

2.6 ,4440 

3.3 ,4512 
3.0 ,4483 

0.8918 

I .  000 
,9631 

1.020 
1.036 
1.049 
1. 060 
1.069 
1.075 

~- , 

0.3574 
,1925 . l l i 3  
,07915 

.02909 
,05101 

-. 003251 
.01142 

0.3004 
,3247 
.33i5 
,3446 
,3502 
,3546 
,3586 
.3G19 
,3026 
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TABLE 111.-TABLES OF SIMILAR  SOLUTIONS FOR EQUILIBRIUM  DISSOCIATED  AIR, F=O (NL,= 1)"Con. 
(a) Ueat-transfer cnscsContiiued 

cnsc 33: 

l a=1 ;  Vm==20,400 Ips; r,=O.IO; h_-=O.lO; 
h a  I N~,.1.,=0.768; =0.5440 

PVPW 
N P , . I . ~ = O . G ~ ~ ;  =0.2569 

P rP.0 
I 

0 
. 5  

1.0 
1. 4 

2. 2 
1.8 

2.6 
3.0 
3.4 
3.5 

C:SC 

0.2778 
,3994 
,4794 
,5303 . Si42 
,6132 
,6484 . G807 
,7105 
,7177 

. . .. - . . 

0. X962 
,9651 

1. ooo 
1.019 
1.034 
1.045 
1. 055 

1.071 
1.064 

1.013 
~ 

0.1462 
.04.582 

--.01631 
.005505 

-. 03227 -. 04468 
--.054fi6 -. 06206 -. 06998 

I 0.2778 

,2558  .3128 
,2409  ,3010 

0.2293 

,3243 
,3103 ,2607 

,2644 
,3284 .26i4 
,3318 . 2iOO 
,3347  ,2721 
,3373 
,3379 

,2740 
,2744 

0.3747 
,4067 
,4242 
,4341 
,4419 
,4483  
,4537 
.4584 
,4825 

0.2816 
,3137 
,3287 
,3324 
,3377 
,3420 
,3457 
.3189 
,3517 

0 
. 5  

1.0 
1.4 
1 .8  
2 .2  
2 6  
3.0 
3. 4 

0.3747 
,5330 

0.8952 
,9632 

,7125  1.021 
,7740  1.037 
.R291 
,8792 

l.OC0 

1.050 .9G8G 
1.071 ,9255 
1.061 

,6419 1. no0 

0. SO75 
.3092 
.2142 . IF52 
,1288 

.07718 

. lfl03 

.OS799 

I """" 
" I """" " 

38: 
t .=l: 1"=0.4; 1e= l ;  1,' =20, 

Arp,.~.,=0.7G8; '*=O.G249 
1. 

PUP, 

0.3840 

-. 

0.2501 
3099 

. R?I9 

. :?La8 
,3342 

. :i427 
,3461 
,3491 
,3498 

,3308 

0.7976 . 53ili . -low 
.33li9 
.2%0 
,244 1 
. ? I O 8  

,1593 
,1820 

.??I30 

0 

,4340 1.0 
. 5  

0.3840 
.41M 

1.4 .4445 

2 . 2  ,4600 
2. li . 4li60 
3 . 0  ,4712 
3.4 ,4758 
3 . 5  ,4769 

1 . 8  .4:,3n 

- 

c:lsc 35: 
.~ 

0.8980 
.9W28 

1. on0 

1. n53 

1.021 
1.03X 

1. oi5 
1 O R 5  

1. os5 
?. 087 

0.8930 
. (1w2 

I .  on0 
1.019 

1 .  041; 
I .  034 

I .  O X  
1. OGS 
1.078 
1.014 
1.274 

0.205i 
.0843G 
,0305s 
.004021 

-. 015liS 

-.04321 
-. 03000 

-. 05335 
- - .OGIOG -. 06394 
-. . - - - - 

,5280 
,629 1 
,6951 
,7528 
. SO44 
,8514 
,8948 
,9353 
,9450 

0 

. 3iIiO 1 . 4  

. :ins2 1 . 0  

. 3x30 . R  
0.3257 

2 . 2  .BYIiY 
1. x .3x"o 

2.1; ,3911 

3.4  ,3977 
3.5 ,3084 
m ,4838 

3 . 0  .3n-lti 

0.2918 

, 33:i 1 
. ;?367 

.-lis4 . 3 I RO 
0.3257 

. Si98 

. 3:jso 

. 3 4  l Y  
i o  12 

,3432 
,7513 
. T W O  

,3480 
. :3505 
,351 1 

,8778 

,4163 ......- 
,8872 

,0448 

. n38s 

C:1sc 39: 

L = l ;  ;=(,.A; 1 s  o s :  2 = 0 . 1 0 ;  h 
h t r  

:=O. 

0 
. 5 

1.0 
I .  4 

2. 2 
I .  t( 

3. 1; 

3. 4 
3. 0 

3 5 

0. B9Ii5 
.4?iG 

4471 

0.2880 
.:io% 
. :+Jog 
,32113 . 33-13 . :w94 

, . 3476 
:i 138 

,3518 
.3sm 

0.0002 
,961 ti 

1. non 
1. 042 
I .  023 

I .  nsx 
1.Oil 
I .  ox3 
1.094 
1.096 
" . 

1. GI3 
1. 19;- 
. 9li.i.7 
. X383 
,1449 
. liiO0 
. IiONi 
. M i l  
,5131 . 5030 

0 
. 5  

I .  0 
1. 4 

2. " 1 .8  

2. 6 
3 .  0 
3 . 2  

0.2871 
. 3IJXi . :E0 1 
, 32K1 
,381" 
,3851 
. A385 
.34 13 
,342G 

0. 8971 
. (rG4G 

1,000 
1.020 
1. 03.5 
1.047 
1.057 
1. OfiR 
1. O i O  

0.2713 
. 13.12 

. 038% 

- . 0039 1 
,014iO 

- - 0  1594 
-.03l4G 

. nios:! 
0.3317 

. 4 i 4 5  

. Si10 

. ti33 1 

. liXG0 

. 73.19 

. i7X5 

.&I185 
,8375 

..r<Gx 

. 4ili.I 
4liX4 

,41133 
.as91 

.49til 
,4948 

I 

0.2362 
.3357 
.4008 
,442 1 
,4775 . 5088 
,5370 
.5627 
,2865 

" 

-.  -.  -. 

0.2036 
,2190 
,2268 
,231 0 
,2343 
,2369 
,2392 
.24 IO 
.2427 
, 3 5 5  

0 
,2550 .5 
,2655 1 .0  

0.2362 

1.4  ,2700 
1.8  ,2751 
2.2 ,2786 
2.6 

,2830 3 .0  
.2815 

,3440 m 
.25m 3.4 

0.8978 
,03141 . RGSG 

-. 004481 I .  000 

0. 1117 

1.019 -. 02%5s 
1.033 -. 03582 
1,045 -. 04613 

1.063 - .OGI33 
1.055 -. 05443 

1.070 _....... 
1.259 """" 

0 
. 5  

1.0 
1.4 

2. 2 
1. 8 

2. G 
3 . 0  
3.4 

0. 3388 
.36G3 
,3815 
,3901 
,3970 
,4026 
.40i3 
.4115 
.4151 

0.2829 
, 3 0 3  1 
,3142 
,3204 
,3253 
3283 

,3327 
,3357 
,3383 

0.3907 
,2277 
. 1484 
.1073 
,07664 
,05255 
,03300 
,01671 

0.3389 
,4710 
,5617 
,6204 
,8713 
,7167 
,7580 
,7960 
.a313 

0.9006 
,9648 

1.000 
1.020 
1.035 
1.048 
1.059 
1.069 
1.077 

L. .. ' ~- 

I l l  I 1  llllll1l111ll1ll1111l1 
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TABLE 111.-TABLES OF SIMILAR  SOLUTIONS FOR EQUILIBRIUM  DISSOCIATED  AIR, F = O  (NLs= 1)-Con. 
(a) Heat-transfer  cases-Continued 

r 
Case 41: 

t,=l; L'=0.4; ts=0.5; Ifm =29,000 fps; (,=0.05; --"=0.10; 

AT~r.r.m=0.7G8; ==0.4932 

h 
1, h s  

PUPU 
" - 

-0.6410 -. 9120 
- .99G9 
- 1.038 
- 1.068 
- I .  091 
-1.110 
-1. 126 
"1.129 

0.3477 
.4G72 
,551  1 . GO57 
,6532 
.6957 
,7343 
.769R 
. SO28 

0.9036 
.9G45 

1.000 
1.021 
1.037 
I .  051 
1.062 

1.082 
1.073 

0 

1. n 
1. e 

. 5  

I .  4 

2.2 
2. G 
3. 0 
3.1 

0.0235 
,4121 
,3034 
,2458 
,2024 
,1681 
,1401 
.I167 
.09G78 

0.5163 
. 7584 
,8352 
,8729 
,9005 
.9221 
,9396 
.9543 
,9576 

0,2800 

,3098 
,2888 

,3102 
.3213 
,3256 
,3292 
,3324 
,3351 

0.5163 
2.687 

10.70 0.6430 

1.000  3.994 
,9148 G .  731 

4.830 1.041 
5.843 
5.461 

5.557 1. Oil 
6.209  1.095 

5.202 

6.804 1.114  4.866 
5.012 

7.355 1.129 3.383 
7.487 I .  I33 __._...__. 

0 

,3999  1.4 
,3907 1.0 
,3748 .5 

0.3477 

2.2  ,4134 
1 .8  ,4073 

2.G ,4187 
3.0 ,4233 
3.4 ,4273 

I 

Cnsr 42: 

~- 

Casr 46: 

L 1- - -1'5=0.2;  1 f ~ = 0 . 5 ;  ITm =29,000 Ips; {,,=0.05; 2=0.10: 

1\~~,,, .~=0.7G8: ==O.G249 

11 
1. h E 

P " P W  

/.=0.333; L = l ;  tn=3.333; I T m  =11,000 Ips: {,=0.050GG; "Y=O.0152; 
1, h n  

A'p,.~.,=0.709; *=OS122 

h 

p ">P x. 

~ _ _ -  ~- 
I I 1 1 l -  ~ _ _ ~  

0 

,4212  1.8 
,3152 ,4129 1.4 

,4028 1.0 
,4623 ,2971 .38GO . 5  

0.3595  0.2794 0.3595 

,5800 
,3208 ,6291 

2.2  ,4283 ,3255 ,6676 
2.G ,4344 .329(i ,7027 
3 .0  ,4398 
3.4 ,4446 

,3332 ,7351 

3.5 ,4457 
,3365 . iG52 
,3373 ,7724 

,3084 ,5889 

. ~ ~. 

CRSC 43: 

/,=0.333: & = I ;  ln=21.9; l -m =3,GOO Ips; j 

0.3479 
,3960 
. 4  17G 
,4189 
,4374 
,4442 
,449s 

.457G 
,4545 

,5595 

0.3479 I 
. GO89 
. i i O 3  . R708 
,9504 

1.099 
I .  032 

1.161 
1.204 

- - - . . . . . . 

0.8356 
,9492 

I. on0 
1. 014 
1.046 
1.054 
1.069 

1.094 
1.081 

I. 324 

0.7060 
.4351 
,3359 
,2869 

0. 9060 

I .  000 

1. 268 

. 7491 
1.022 

,934 1 ,9634 

, G478 
1.040 
1.055 

. 5704 

1.069 ,4580 

1.091 
.4153 

1.094 
,3788 
,3704 

,5087 

1.081 

0.2587 
.2939 
,3096 
,3178 

,3290 
,3240 ,2519 

.2254 
,21144 
,187" 
. . - . . . . - 

0.3333; --"=0.015?; I1 

k R 

0. 7735 
,9344 

1.000 

1.059 
1.033 

1. 078 
1.095 
1.108 

1.123 
1.404 

1. u n  

0.4054 
. 7910 

I .  035 
1.189 
1. 3 2 3  
1.44'' 
I .  550 
1.649 
1. T 4 r  

0.8185 
,9440 

1. on0 
1.029 
1. os1 
1.068 
1. 083 
1.095 
1. I O G  
1.364 

0.4540 
I .  053 
1.426 
1. GR:! 

2.049 
1.80i  

2. 214 

2.508 
2.366 

2. 54" 

2. 05s 
I .  368 
1.138 
1. 032 
,9577 . 9017 
.8578 
, 8 2 2 2  
. 7926 . X59 

I 
0 0.4054 

I 1.8 . s 3 7  
2 . 2  , .532li 
2 . 0  I .539x 

,5400 
' !: I .5513 . FS07 

0.2250 
,2725 
. ?9 l i  
,3014 
,3087 
,3145 
.3192 
,3232 
,3267 
.3275 
.400G 

0 

,5053 1.4 
.58SS 1.0 
.S4X . 5  

0.4540 

2.2 . 8314 
1 .8  .Gl99 

2 .G  ,6409 
3.0 .6489 
3.4 ,6558 
3.5 .6574 
m ,8271 

0.2554 
,2992 
,311i9 
. 321il 
. 3331 
3381; 

,3432 
,3470 
,3503 
,4324 

1.142 
,7460 

,5310 . 4Y20 
,4450 
.415G 
,3918 

. C u m  

P"PW 
.. . 

0.4490  0.23% 
. 5335 ,2838 

.3U27 
,5874  ,3125 

. GI21 .3'25x 

. (7212 ,3301; 

.02x9 ,3347 

. ci35.5 ,338' 

. fin12 .3199 

~- 

n. 4944 

2.635 
1. s20 

3.150 
3.610 
4.016 
4.387 
4.731 
4.974 

0.803 I 
.9525 

I .  no0 
1.022 
1.037 
I .  048 
1.057 
1.064 
l.OG9 

0.4944 

. ,231 

. 75'28 
,7748 . io2 I 
. 80172 
.sly0 
.8'25Y 

. y a 4  

.~ 

05294 
OliSi9 
06592 
Oli736 
06836 
06910 

Oi014 
07043 

nliyos 

~. 

0 1  

1.0 
.5 

1.4 

2. 2 
I .  8 

2. 6 
3.0 
3 . 3  

5.645 
3. io8 
3.190 
2.901 

2.59G 
2.6YG 

2. s23 

2.803 

0.4490 
,9965 

1.345 
1.568 
I .  i R 1  
1.935 
2.093 
2.240 
2.376 

1 . W T ~  
0. i B Y 1  

1.000 
1.032 
1.057 
1. 076 
1.092 
I .  105 
1. 1 I2 

I 2 . 0  

1 3.4 
3. 0 
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TABLE  III ."TABLES  OF  SIMILAR  SOLUTIONS  FOR  EQUILIBRIUM  DISSOCIATED  AIR, F=O (NL,= 1)"Con. 

(a) Heat-transfer cases-Continued 

Case 49: 

t.=0.333; t"=0.8; 18=3.333; 1" =11,000 Ips;  fm=0.05066;  lr,=0,0152; 
1. h R 

Case 53: 

1.=0.333; &=1;  ts=3.333; V _  =25,100 Ips; r,=0.01013; "=0.0152, h 
t. k R  

Np,.,.,=0.709; e =0.2940 
P ".P Y/ 

0.2591 
,2942 
,3104 
,3189 

,3306 
,3254 

,3349 
,3385 
,3416 
,3423 

~~ 

0.8347 

1,000 
,9479 

I .  027 
I .  048 
1 . O M  
I. oi9 
1.090 
1.101 
1.103 

. " 

0.9348 
,0055 
,4735 
,409i 
,3639 
.3289 
,3012 
,2785 
,2596 
,2553 

~~ 

0.2683 
.4621 
.5828 . G581 
,7221 
,7784 
,8288 
,8747 
,9170 
.9271 

. . . . . . . - 

0 
. 5  

I. 0 
1.4 
1.8 
2. 2 
2. 6 
3.0 
3.4 
3. 5 

m 

CilSC 5 

0.2683 
,3042 
,3206 
,3293 
,3358 
,3411 
,3454 
.3491 
,3522 
,3530 
,4314 

0.2058 

.2452 

.2329 
0.8391  0.4915 

1.000 
.9497 ,2990 

1.026 
,2240 

1.046 
.1879 

1.062 
,1621 

1.075 
,1424 

1.087 
.12G8 

I .  09R 
,1141 

1. OR8 
. 1034 

1.330 ........ 
,1010 

0 
. 5  

0.3517 

,4354  1.4 
,4234  1.0 
,4007 

2 . 2  ,4519 
1.8 ,4446 

2 . 6  ,4580 
3.0  ,4631 
3.4 .4fiiG 
3 .5  .4686 

0.3517 . fiO74 
,7675 
. P674 
. 9.526 

1.027 
1.095 
1.156 
1.212 
1.226 

,2517 
,2566 
,2605 
,2637 
,2665 
,2688 
,3014 
.32F1 

~ ~" 

4:  

0 
.5 

1 . 4  
1. n 

0. 351i3 

. 480i 

.4537 
,443; 

,4618 
.4GB6 

.4i81 
,4743 

,4065 
0.259; 

.31 Iti 
,2943 

,3275 
. 3201i 

. 33311 
,3376 
,3415 
,3441 

0. x333 
941i9 

1. 11(10 
I .  1r29 

1. 083 
1. 0119 

1. IO4 
1. OYO 

I .  n51 

. .  

1.299 
. XI\%:! 
,6841 
,5995 
,5355 
,4865 
,4474 
,4153 
,394; 

0 

I .  0 
. 5  

1. 4 

2. 2 
1. P 
1. G 
3. 0 
3.4 

0 . 3 3 ~ 3  

. x81 I 

. 11059 
,7747 

9724 

1.126 
I .  os3 

1.193 
1.255 

- 

0.8331 0. io59 
,9482  ,4419 

1,000 
1. 0'2i 

,3404 

1. 0 4 Y  ,2572 
. "910 

I .  064 
1. Oi8 

,9308 

1.089 . 1928 
. a m  

u.33x3 (1.251 1 
. 3x.s; 2s5x 
,4072 ,3014 

. 42iO 
,4184 . 3IIUG 

,315s 
,4338 , .a208 
,4395 1 ,3229 

,4484 1 :3313 
3283 ,4443 

2 . 2  
I. H 

2. 6 
3. 0 
3 . 3  I .  099 1 ."" _ _  

I Y P ,  

0 

1.0 
. 5  

1. 4 

2 . 2  
2. 0 
3.0 
3.2 

1.x 

N P,  

0 

1.0 
. 5  

1. 4 

2. 2 
2. 6 
8. 0 
3. 4 
3. 5 

1.x 

m 

. I .  

0.8324 
. 5992 
,413; 
,3587 
,3194 
,2895 
.2F58 
,2465 
,2302 
,2266 

0.3GB3 
,4194 
,4433 

. 41159 
,4728 
.4i9 I 
,4844 

.45.511 

.4n90 

0.2848 

,343x 
. a255 

,3533 
,31305 
.3GR3 
. 3i10 . 3750 
,3785 
.3i93 
,4658 

n. 3153 . lii38 

,9925 
. XIiXQ 

1. 099 
1.193 
1.279 

1.430 
1.357 

1.448 
"" ~" .  

0. X2885 
,9470 

1. nu11 
1. w n  
1.049 
1. OG5 
1.079 
1.091 
1.101 
1.103 
1.355 

0. 31i911 ' 0. 21il15 
,4143 . 2963 

.3140 

, 41ilili ,3312 
. 4 i 5 9  ,3373 
,483G ,3424 

.4932 
,4902 3488 

,3488 
,4341 
,4199 

.~ 

,4901 
.60i7 

Casc 52: 
Case 5F: 

1.=0.333; h=O.S;  ta=O.GGi; =25,100 Ills; r,=0.040; ~ = 0 . 0 6 0 ;  t" h a  
t.=0.333; &=0.2; /a=3.333; I ~ _ = l I , ~ O O  Ills; <,.=0.05066; h-=o.ol52; 

t, h R 

Np,.r.,=O.i09; =0.9054 
P "'P Y/ 

0. 8130 

1.000 
,9371 

1.035 
1.062 
1.085 
1.103 
1,120 
1. 123 

~~ 

0 
. 5  

1. 0 

1.8 
1. 4 

2.2 
2.6 
3. 0 
3 .1  

0.2620 
.3020 
,3222 
,3335 
,3423 
,3495 
,3556 
,3608 
,3620 

0 
. 5  

1.4 
1. 0 

2. 2 
1. 8 

2.6 
3.0 
3 . 1  

0.3421 
,3895 
,4119 
,4238 
,4329 
,4403 
,4464 
,4516 
,4528 

4.972 
3.42'2 

2.415 
2.750 

2. l i l  
I .  984 

1.711 
I .  834 

"........ 

0.3421 
,5987 
,7632 
,8674 
,9569 

1.036 
1.108 
1. 173 
I .  189 

0.3G95 

.4Gll 
,4786 
,4923 
,5036 
,5132 
.5215 
,5234 

. 4298 

-~ ~~ . 

0.3695 
,6360 
,8083 
,9170 

1.010 
1.092 
1. IGG 
1.233 
1.249 

0.8345  0,8919 
.9412 

1.000 
,5836 

1.028 ,3980 
.4587 

I .  049 
1.0g7 

,3542 

1.081 
,3207 

1.093 
,2941 

1.096 
,2721 
,2673 
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TABLE  111.-TABLES  OF  SIMILAR  SOLUTIONS  FOR  EQUILIBRIUM  DISSOCIATED  AIR, F= 0 (NLe= 1)"Con. 
(a)  Heat-transfer cases-Continued 

Case 57: 
t 
1. h e  

t.=0.333; 2=0.6; ts=o.667; v m  =25,1on Ips; r,=o 040; --V=o.o60; h 

Np,.,,m=O.ill; p"'=0.5754 
PVPW 

- 

0. R359 
,9460 

1. nnn 
1.029 
1. O s ! !  
I .  o i n  
1. OS5 

I .  104 
I .  nos 

1.192 

. 6529 
,8149 

. Ai24 

. S13i 
,4685 

0.8385 
,9495 

1. on0 
1.021 
1.041 
1.0f3 
1. O i G  
1.091 
1.094 

0.3464 

. i495 
,6510 
,9385 

. nwo 

1.ns6 
1.150 

1.016 

1.160 
~~ - 

0.2878 
,5023 
.E372 
. 7219 
. i944 
,8583 
,9159 
.9fiS5 

1. 005 

0.25l i  
,2848 

,3099 
,301 1 

,316i 
.32"2 
,3268 
.330i 
,3325 

.~ 

0.5445 
,3348 

,1857 
,2138 

. 1642 

. 1472 
,1333 

,2530 

0 
. 5  ,3267 

0. 267R 

1.4 .3?3S 
1.6  ,3609 
2 . 2  .36fiR 
2.6 ,3713 
3.0  .3i53 
3 . 3   . 3 i i 9  

1.n  ,3445 

0 

1.0 
.393i . 5  

0.3464 

.4299 1.4 

.4171 

2 .2  . 44 i i  
1.6 ,439i 

2. 6 .4.544 

3.2 ,469; 
3 .0  ,4602 

~- ~ 

Cast. 5s: 

.4324 
,4026 

""""" 

0 
. 5  

1. 4 

2 . 2  
1.8 

2.  6 
3. (1 
3. 4 

I .  n 
0.2696 
,3063 
,3'"'S 

.33SI 
,3315 

,3433 
. 3 4 i i  

n. 3305 
. 5890 

.6559 
, ,a26 

.944G 

". 

1.01'3 

1.159 
1.219 

1.094 

n. $352 

1. o m  
,9451 

1.027 
1.047 
1.064 
1.01t 

1.090 
1.34; 

1. nss 

0. G i l l  

.3214 

.418'J 

.2;41 

.2413 

.1951 
,2159 

. 1791 

. I  S6G 

0 
. 5  

1. 4 

2.2 
1.6 

2. 6 

3 .3  

1. n 

3. n 

0.3515 
,3983 
,4231 
,4369 
.4477 
,4567 
,4642 

.4i50 

.4iOT 

0.252; 
.2s49 
,301i 
,3110 

1. i 6 i  

1.032 
1.264 

,9138 
,3266 . i5SR 
. io40 . R5SS 

I 0.3515 
.5iS6 
,7315 
.82Y9 

,9902 
,914s 

1.121 
1.056 

1. IF5 

0. S R X  
,9443 

1. onn 
1. nss 

1. I n n  

1.031 

1. 01r1 
1.0i5 

1.11G 

,3184 

,3294 
,3243 

,333; 
,3306 

.4'1'29 

.4%4 

.43i1 
, 5 4  I4 

,4330 ,3514 
,3545 
, 4 3 4 1  m - -. . . . . 

0.35i8 
,5626 . 7062 
. i991 
. %OF 
,9531 

1.019 
l.OT9 
- 

n. 8395 

1. oon 
,9420 

1.038 
1.  olio 
1. os3 
1.102 
1. 11!1 

~ .~ 

3.423 

2.146 
2 . 5 4  

1. i 5 0  
1. f i l G  

1.416 
1.50T 

1 . m  

-~ 

0.334'2 

. i404 

. 5H 13 

.9% 1 

.34 13 

I .  005 
1. Oi4 

1. 153 
1. 139 

0 0.3576  0.2545 
. 5  ,4037  ,2854 

1.0 ,4301  ,3030 
1.4  ,4454 
1.6 , 4 5 7  

,3132 
,3213 

2 . 2  .46m 
2.8 .4T64 

,328  I 

3.0  .4%5 
.3339 
,3390 

0 
. 5  

1 . 4  

2. 2 
1. 8 

2. ti 
3 . 0  
3. I 

1. n 
n. 3:342 o. 2 1 ~ 2  

,3798 3049 

,4131) ' ,3305 
,4n1.5 ' 
,4219 ~ . 3 3 i 3  
,4290 ' ,3428 
.134Y .3474 

,352 I 
i ,3512 

- 

n. 3 3 s  
.3S38 
.4064 
.4lA7 
,4483 
,4360 
.4415 

,4516 
,4481 

~ 

0 
. 5  

1. 0 
1. 4 

2.2 
1.6 

2. 6 

3.1 
m 

3. n 

0.2391 

.2855 

.2iO9 

.2932 

.2990 

.30i5 
,3037 

.3105 

.3116 

.3852 

n. 185s . zlnn 
.2210 
,2289 
,2313 

.23 i i  
,2345 

,2401 
.240i 
,2942 

0.33s5 
.5119 
. X 5 6  
.3235 
.9080 

" 

1.051 
1. 113 
1. 157 

. 983n 

0.8353 
.94('9 

1. non 
I. 019 
1.051 
1.069 

1.097 
1.084 

1.106 

0 
. 5  

1.0 

1 . 6  
1. 4 

2. 2 
2. 6 

3 . 3  
3. n 

~ 

0.2693 
,3088 
. 3  01 
,330  I 
,3373 
.3480 
.34T9 
.3SX 
.3548 

0.2391 0.8405 
.4113 ,9500 

.5%4 1.0% 

.5191 I. nno 
,6439 1.040 
,6944 I. o m  . i398 l.Oi5 
. 7611 1.086 

"."" 1.331 
. is09 1.089 

1.125 
,7705 . 6 l i 3  
.540Y 
.4652 

.4016 

.4422 

.3194 
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TABLE 111.--TABLES:OF,SIMILAR SOLUTIONS  FOR  EQUILIBRIUM  DISSOCIATED  AIR, P=O (NI,.= 1) "Con. 

(a) IIent-transfer cases-Continued 

49 

Case 69: 

t.=o.~; :=LO; t s = ~ . 5 s ;  v, =7,600 Ips; r,=o.m79; h.=o.lo; 
hs  

NP, 

0 

1 .0  
. 5  

1.4 
1.8 
2. 2 

3.0 
2. ti 

3.4 
3 . 5  

. . ~- 

0.8419 I .  ti52 
,9455 I .  188 

1.000 ,0712 

1.054  ,7784 
1.074 
I .  090 

. 7146 

1.105 
. (Xi31 

1.117 
,6205 

1.120 . 5iti2 
. 5x44 

I .  030 .8C05 

- -~ 

=3S,GV0 f p s ;  fm=U.V3333; l ' -=O.lOO; 
I1 I( 

" 

13.21 
R .  065 
7.014 
6.567 
6.265 
6. 045 
5. 676 
5.741 "_"_  

0 .  3435 

,4117 
,3880 

,4250 
,3355 
,4441 
,4514 
. 45 i l i  
,4632 
,4645 

0.4984 

4.326 
2.915 

5.  98X 
5.218 

6.873 
7.29; 
7. S i 1  
8.009 

0.09331 

. I730 

.1544 

,1888 
,1821 

,1982 
,1940 

.2018 
,2026 

0 0.4934 

1.0 .8410 
. 5  .7m9 

1.8 .w79 
2.2 .9298 
2. 6 . 9476 
3.0 .9GU 
3. I .9GSi 

I .  4 .a797 

0.5393 
,9927 

1.000 
1. 052 
1.091 
I. 121 
1. 146 
1. 16R 
1.171 

CUP 66: 

f,=0.333: :=0.2; fI(=o.333; ' -m 

- I  
0. X4liX 
. 94:J!I 

1. on0 
1.033 
1.059 

1. 100 
1.031 

1. llli 
1.131 
1.134 

:j. 11!1:3 
2. ,352 
1. !Ii0 
1. Xi 
1. li13 
1.491 
1. 3!E 
1.309 
1. 2X!l 
I ,  222 

1 u ;  

0 
5 

1.0 
1.4 

2. 2 

3.0 
2. ti 

3. 5 
3. ,I 

1. x 

Cnsc 

0. 3293 1 0. 1410 0. :32m 
. 4 1 i 1  
, 4 4 9 7  

. 30.74 

.3Xi 1. Ili% 
.K.,i7 

. 4lili0 ,3412 1.34s 

. 4 i i 9  
,4473 

,3300 1. 504 
. 3503 1 .  fi40 

,4949 ,31324 1. 71il 

. so04 
.sol:< . 31\71 1. 871 

. 5030 , .3i19 1. 1905 
. 3710 1. Oil 

1 0 .  2i14 
. 302.5 
,3205 
.3310 
. 33!M 
.340d 
3525 

.3571i 

. 3liW 
,3135  

0.349li 
. ,53!l.', 
. 1ii:j'J 
. 71ilX 
. x:iw 
. !IO72 
. !lli% 

I .  027 
1. OH0 
1. 0!13 

0. 3 1 9  

1.000 
,9273 

1.08Ij 
1.063 
I .  OR4 
1. 100 
1.114 
1.127 
I. 129 I 

i 
I 

' 7  
Cnsr 6 i :  

L .=o .1 :~~=1 . l l : f ~= l i . sx :  
I:  

-: 
h ,  
/ I  B 

=0.0152; 

" 

0 
5 

I .  4 

2 . 2  

3 .  I1 
2. l i  

3. 1 

1. n 

1. x 

0 .  ;?dl7 
,4223 
. 4 S i l i  
. 4 i5.5 
4sx9 

,4994 
. .inn1 

,5170 
. ,5153 

I 
0.241; 

.3o i4  

. :i3:30 

. 34.59 
,3554 
.3WO 
,3692 
. X M  
,3755 

8. 019 
2. on1 
I .  676 

1.422 
1.526 

1.343 
1.282 
I .  232 

0. 2X17 
. X(I1lG 

1 .  3lid 
1. Ii3 

1.526 
1. tili7 

1 .  907 
1.793 

1.034 

0.7259 
,9234 

1.000 
1.034 

1.090 
1. IO!) 
1.124 

1. nm 
. 4365 
,4462 
. 4 M i  

,4042 
41\01 

.581i 

1 

- 
Cost 68: 

- 

0.3:340 

. JtiS2 
,3895 
. 5049 

,5273 
.:I71 

,5415 
,5359 

. a n 1  

~- 

0 

1. 0 
. 5  

1.4 
1.9 
2. 2 
2 6  
3.0 
3.3 
- 

~ ~~ 

0.2425 

1.000 1. M4 ,3355 
,3111 

0.7158 0.3340 
. 8ifi3 .9152 

. X 3 1  1.407 1.042 
,3639 

1.138 1.980 3x56 
I. 150 2.071 ,3895 

1.099 1. 730 . :3725 
1.120 1.864 .379F, 

1.074 1.579 

-~ 

4.769 
3. 5% 
2.040 

2.460 
2.659 

2. 309 
2.189 
2.092 
."" 
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TABLE 111.-TABLES OF SIMILAR  SOLUTIONS  FOR  EQUILIBRIUM  DISSOCIATED  AIR, F=O ( N L ~ =  1)-Con. 
(a)  Heat-transler  cases-Continued 

B 

COSC 7 i :  

t.=0.1; '=0.8; f. 1 ~ = 1 . 0 ;  lrm=20,4O0 Ips; ru=O.lO; l'-=O.lO; I1 R 

N~, .~ .~=0 .768 ;  *=1.090 
P U P -  

tR=l. i3; 1'm=15,000 Ips; rm=0.0262; h-=0.0152; 
h R  

" .. 

0.3377 
,9709 

1.591 
1.353 

1. 794 

2.129 
1.971 

2.274 
2.3i4 

.___ 

11. i 4  

6.154 
7.  567 

5.481 
5. 001 
4. fxl 
4.348 
4.114 
""" 

. ~. 

0.2908 
,3736 
,4052 
,421 1 
.4330 
,4424 

,4505 
,4501 

". .. 

0.6845 

1.000 
,9090 

1.048 
1.085 
1.115 
1.140 
1.161 
1. 175 

0 
.5 

1.0 
1. 4 
1. 8 

2. 6 
2.2 

3.0 

0.40i3 

,5675 
,5231 

,5903 
.(io68 
,6200 

. G400 

. t w 9  

0. i177 
,9220 

1. ooo 
1.039 
1.069 

1.111 
1.127 

1.n92 

0.2435 
,3232 
,3556 
.3727 
,3858 
,3964 
.4053 

.41i9 
,4183 

0 

,4973 1.0 

0.333 
. 5  ,4505 

1.4 ,5222 

2.2 .55iO 
1.8 ,5414 

2.6 ,5701 
3.0 .E813 
3.3 .5888 

0.40i3 

1.591 
1.149 

1.878 
2.119 
2. 332 
2.525 
2. 701 

3.944 
2. G41 

2.054 
2. 238 

1.925 
1.830 
1. i54 
1.694 

0.7397 
,9286 

1.036 
1. om 
1.062 
1.082 
1.099 
1.113 

1.128 
1.125 

." ~ 

1. PiG 
1.233 
1.035 
,9453 
.a833 
,8371 

. I ,22 
,7483 
' SO?? 

1.390 
""" 

~ 

0 

1. 0 
. 5  

1 .  4 
1. R 

". . 

I 0.2913 
. X 4 4  

.4546 

.44i6 

. -1374 

,4559 
. 4630 
,4091 

.4n75 

n. 4096 

. .. 

1.139 
1.589 

2. I17 
1. 873 

2.334 
2. 529 
2. io5 
2. 8 i4  

- 

0. 7149 

1.042 

3.539  ,9187 
5.211 

I .  000 2. 987 
2. i29 

1.013 2.548 
1.098  2.411 
1.119 

."" 1.151 
2.215 1.13G 
4.303 

0.3012 
,3780 
,4070 

,4323 
.4215 

0.2221 
,27118 
,3003 

0.3012 
,7588 

1.024 

~ o.4006 
.52iO 
. 5748 . S98i 
,0171 

. R439 

.6318 

,6541 . GG30 

0 

1. 0 
.5 

1.4 
1.8 

2.6 
2.2 

3.0 
3.4 
3. 5 

31111 
3189 

1.186 
1. 322 
1.441 
1.547 
1.643 
1.731 
1. 752 

,440i 

.4533 
,4475 

.4582 
,4593 
,5688 

,3251 
.3301 
,3343 
,3379 
,3387 
,4173 

2. 2 
2. G 
3.0 
3. 4 

I -  

0.4123 
1.134 
1.590 
1.582 
2.133 
2.35F 
2.558 
2. i43 
5.914 

0. 7098 
,9143 

1. oon 
1.045 
1.019 
1.107 
1.130 
I .  149 
1.160 

0.3649 
,4626 
,4990 
.51i2 
,5307 

,5498 
,5412 

. 5571 
,5632 

0.2537 
,321 8 
,3472 
.3599 
.3693 

,3826 
.3XG 

.3919 

.:%X 

0.3649 
,9785 

1.339 

0 . 7 3 1 ~  
,9268 

1.000 

1.064 
1.03i 

1.084 

1,129 
1.110 
1.1n2 

2.540 

1.416 
1.67fi 

1.299 
1.218 
1.15i 
I .  110 
1.078 
- ." 

0 
. s  

1. 0 
1. 4 

2. 2 
1. 8 

2.0 
3.0 
3.4 

0.4193 

.5835 

. ,5324 

. GI06 

. G313 

. DG211 

.6i38 . BE42 

,133911 

0.2920 
. ; l i F O  
,4113 

.4440 
,4298 

,4553 
,4646 
,4728 
. 4 i 9 i  

0 
.5 

1.0 
1.4 
1.8 
2.2 
2.6 
3.0 
3.4 

1.563 
1.752 

2. OF8 
1.919 

2.204 
2.330 

~ - .. 

Casc 80: 

0 

1.0 
. 5  

1.4 
1.8 
2. 2 
2.6 
3.0 
3. 4 

m 

0.4052 

,5617 
,5196 

.5828 . 5983 

,0204 
,6105 

.I3287 
,6358 
,8034 

0.2903 
.37?9 
,4034 
,3185 
,4297 
,4385 
,445G 
,4516 
,4567 
,5747 

3.169 
2.093 
1.7% 
1.636 
1.539 
1.466 
1.410 
1.364 
."" 
. ." 

~. ~ . .  

0,4155 0.2927 0.4155 0.0919 
,3837 1.186 . 0W)O 

. 4433 2.ooO 1.050 

2.2 . G823 
1.8 ,6620 ,4608 2.276 1.089 

.4743 2. 522 1.121 
2.6 .6995 ,4856 2.i45 1.148 
3.0  . i144 ,4953 2.950 1.171 
3. 1 ,7178 ,497G 2.999 I .  170 

,4231 1 . 6 ~ 1  I. no0 

0.4052 
1.159 

1.886 
2.125 
2.336 
2.52i 

2.863 
2. i o 1  

I .  607 

0.7198 

1.000 
. 9246 

1.038 
1.065 
1.087 
1.105 
1. 12(1 
1.132 
1.425 I - - -  
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TABLE 111.-TABLES OF SIMILAR  SOLUTIONS FOR EQUILIBRIUM  DISSOCIATED  AIR, F=O ( N L ~ =  1)"Con. 
(a) Heat-transfer cases-Continued 

Case 85: 

1.=0.1; f_.=0.6; 1~=0.333;  Vm =35,600 Ips; r,=0.015; h"=0.045; 

Np,.r..=0.693; =0.6127 

1. h s  

PUP Lo 

N~,.r.,=0.709; &E =0.3503 
PVPU 

0.2510 

,8226 
,6117 

,9520 

~. 

1. OGl 
1.156 
1.241 
1.318 
1.389 
1.408 
."" 

". -~ 
I 

.. - 
I 

0 
. 5  

1. 0 
1.4 

2. 2 
1. 8 

2.6 
3.0 
3.4 
3.5 

0.7458 
,9246 

1. OOO 
1.038 
1.069 
1.092 
1.112 
1.129 
1.142 
1.146 

0 

1.4 

,3119 . 5  
0.2510 

.3558 1.8 

.3626 2 . 2  

,3353 1.0 
.3471 

2.6 ,3682 
3.0 ,3729 
3.4 .37G9 
3.5 ,3770 
m ,4699 

0.7485 

1. m 
1.423 

,7822 
1.035 

,9359  ,9301 

,6639 
1.081 

.7125 
1.061 

1.112 
1.124 

,5995 
,6278 

1.098 

1.393 
1.126 

,5768 
,5578 
,5536 
. . . . . - - 

Cnsc 86: Cnse 82: 
" 

-= 
R 

:0.045; 

Np,,.r,..=O.R93; =0.5138 
P ,,e IO 

. .. . 

0 
.5 

0.3020 
,3762 

,4189 1.4 

. is03  .2i09 
,4047  1.0 

0.3020  0.21i4 

,2914 1.014 
,3017 1. l i 7  

1 .8  .1'29:, ,3093 1.314 
2 . 2  ,4378 
2.6 ,4446 

.31:2 1.435 
,3201 1.593 

3.0 . 4503 ,324" I .  611 
3.4  ,4552 ,3277 1.  731 
3.5 ,4583 ,3285 1. 753 

. .  

-~ . ." .. - . 

Cnse 93: 
". 

t.=n.I; & = I . O ;  ln=n.333; 1~~_=3,5,1;0u (1)s; 
1. 

0 
. 5  

1.0 
1. 4 

2. 2 
1.8 

2. 6 
3. 0 
3. 1 

" .. - 

0. 74RO 

1.000 
I .  169 . 9 2 K  
1. i7R 

1.035 
, 9791; 

1.061 
.a937 
,8341 

1.099 
1.118 

. i 5 4 R  
, 7268 

1. 12.5 ,7036 
I .  127 """ 

1 . 0 ~ 2  ,7895 

- .  ~- 

r,,=0.03333: "-=O.lO; 
I 1  I? 

0.3070 
,7054 
. ntioz 

1.122 
1.260 
1.383 

1. .593 
1.493 

1.617 
-__ 

4.048 

2.411 
2.871 

2.195 
2.035 
1.911 
1.812 
1.732 

0.3076 
,3808 
,4141 
.43'20 
,4458 
.45iO 
.4663 
.4742 
,4760 

0.2191 

,2035 
.2iOS 

,3059 
.3153 
,3230 
,3293 
,3348 
,3360 

0.7465 
,9213 

1.000 
1.042 
1.074 
1.100 
1. 122 
1. 140 
1.145 

N r ,  

~ . " 

0 

1. 0 
. 5  

1. 4 
1. 8 
2. 2 

3. 0 
2. 6 

d. 5 
m 

p. 'I 

" 

=O.IiR9i 

~~ 

0.2i05 
.33Ri 
. 3 M i  
. 3 i i i  
.3Ri3 
,3949 

.4Of i?  

,4116 
,5131 

. 4 o m  

,4106 

IVP, 

0 
. s  

1.0 
1. 4 

2 . 2  
1.9 

2. G 
3 .0  
3. 1 
3 . 2  
~- 

0. i41R 

1. 000 
.928i 

I .  036 

1.083 
1. 062 

1.114 
1.100 

1.126 
1.129 
1.407 

-~ 
2, 149 
1 . 4 1 ~  
1. 193 
1.090 
1.019 
, soli4 
. 9251 
,8918 

0.3403 

1. 205 
1.403 
1.571 
1.719 
1. 8S2 
1.9i3 
2.085 
2.111 

. nu55 
0.3463 

,4665 
,4833 

,4832 
,4955 
,5012 
.5131 

. ,7254 
,5197 

,5207 
.6601i 

0.3101 
,3817 
,4173 
,4372 
,4529 
.4658 
,4769 
,4864 
,4886 
,4908 

i. 651 

4. 753 
5. 622 

4.309 
3.981 
3.725 
3.518 
3.346 
3.301 

0. i4 i8  
,9113 

1. wo 
1.046 
1.082 
1.112 
1.137 
1. 159 
1.164 
1.169 

,9275 

1.2% 
1.0x8 

1.350 
1.462 
1.6G4 
1.589 
I .  GI2 

.30i7 
,3183 
,3270 
,3345 
,3409 
,3424 
,3438 

Case 88: 

1,=0.033; '"=l.O; Llr=2.19; 1'- =13,700 Ips; r,=0.03333; ==0.01 
h 

I. h n  

N~,.,.~=O.693; =0.5548 
P l P W  

-~ 

0.3037 
,7390 

1.001 
1.163 

1.422 
1.301 

1.631 
1.629 
1. 720 
1.742 
" 

0.7458 

I .  000 
,9273 

1.037 
1.065 
1.086 
1.104 
1.119 
1.132 
1. 135 

~ _. - ~ _ _ _  ~- 

0 

1.0 
,3779 . 5  

0.3037 

,4435  2.2 
,4344 1.8 
.4230 1.4 
.4078 

3.0 .4571 
2.6 ,4509 

3.4  ,4625 
3.5  ,4637 
" 

2.175 
1.463 
1.227 
1.118 
1.041 
. 9 a 7  
.9386 

,8718 
.e649 

. m21 

0.2179 

. m21 

.?,io9 

.3029 
,3110 
.3174 
.3226 
.3270 
.3308 
,3316 

0 
. 5  

1.0 
1. 4 
1.8 

2. 6 
2.2  

3.0 
m 

0.3496 
,5554 
,6139 
,6417 
.6618 
,6771 
,6895 . fiw7 
,8919 

. ~. 

0.2507 
.3998 
,4423 

.4769 
,4624 

.4880 

.A969 
,5043 
.6398 

0.5669 
,9040 

1.000 
1.046 
1.078 
1.103 
1.124 
1. 140 
1.447 

IO. IO 
6.037 
5.241 
4.805 
4.680 

4.392 
4.517 

""_ 
"." 

0.3496 

2.840 
1.971 

3.361 
3.795 

4. 502 
4.170 

4.801 

I - - - - - - -  
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TABLE 111.-TABLES OF SIMILAR  SOLUTIONS FOR EQUILIBRIUM  DISSOCIATED  AIR, F=O (NL,=l)-Con. 
(a)  Heat-transfer czes-Continued 

Case 89: 

t.=0.033; L.=l.O; t~=2.19;   Vm=13,700 Ips; r,=O.lO; "=0.0456; 
I ,  h r  

Np,.r.,=0.693; *=1.474 

h 

P &lo 

Case 93: 

1,=0.033; :=0.8; tr=0.333;  Vm=35,600 IPS; fw=0.015; "=0.045; h 
h r  

13.96 
8.228 
7.159 
6.711 
6.412 
6. 194 

5.895 
R. 026 

""" 

""" 

" 

:=0.10; 

0 

,8185 2 . 2  
,8337 2 . 6  

,7994 1.8 
,7147 1.4 

.6R84 .5 

. 7405 1.0 

0.4104 

3.0 ,8464 
3.1  .a493 

m 1.095 

0 
.5 

1.0 
1. 4 

2. 2 
I .  8 

2. 6 

3.2 
3. n 

__ 

0.6388 

1.044 
1.000 

3.763 ,9095 
5.862 

3.226 

1.077 
2.989 
2.826 

1.103 2.706 
1.123 2. GI2 
1.140 2.538 
1.148 _.__.. 

Case 90: 

1,=0.033; >=1.0;  la=2.19; 1'- =13,iOO Ips; <,=0.2193; 

N p , . r  ...= 0.7F8; ==1.969 

1 
1. 

PloPU 

h L 
h l  
- 

0 
. 5  

1.0 
1.4 

2.2 
1.8 

2. 6 
3.0 
3. 1 

0. 5277 
,8987 

1,000 

1. 083 
1.048 

1.110 
1.131 
1.149 
1.153 
1.501 

-_ 

7.65s 
4.908 
4.23i 
3.905 
3.674 
3. 502 
3.368 

3.212 
3.259 

-~ 

- 
0 

1.0 
. 5  

1. 4 
1.8 
2. 2 
2. 6 
3.0 
3.2 
-~ 

0.3101 
,4418 
,4885 
,5120 
.5295 

,5545 
,5433 

,5640 
,5682 

0.6352 
,9051 

1.000 

1.083 
1.048 

1.111 
1.133 
1.152 
1.161 

~.""  
8.025 
7.854 

m """ 

I I I I _ _ ~ ~  
Case 91: 

I ~ _ _ ~  ~ 

t.=0.033;t"=1.0;1n=0.333; 1~m=35,fi00fps;~,.=0.0050GG;Y=0.0152; h 
1. Ir R 

Npr.r.,=O.iO9; *=0.5122 
P u,ru 

I I 
0 

I .  0 
. 5  

1.8 
1.4 

2 . 2  

3.0 
2.6 

3 .3  

" 

m 

Cnsr 95: 

0.2584 

1.385 
,9838 

1. 628 

2.008 
2. 162 
2.304 
2.401 

I .  6311 

""" 

I,=0.033; 5=0.4;  ta=0.333; 1-m=3.5,G00 Ips; <,=0.015; "=0.045; 
h 

1. hs 

n'~~., . . .=O.G93; ==1.03i 
P"PU 

0. F440 
,9134 

1.000 
1.042 
1.072 

1.115 
1.09F 

1.141 
1.131 

1.429 

3. u5p 
2.448 

1.853 
1.954 

1. i 2 3  
1. i i 9  

I .  R i i  

2. In? 

0 0.3110 0.2203 0.3110 0.6295 11.32 

110 1 :4952 1 ,3499 1.717 1.000 6.294 
5 4448 ,3148 1 I .  I65 1 ,8995 ! i .427  

Case 02: 

.. ~ 

1.=O.033; 4r=l.0; /r=0.333;  1.m=35,600 Ips; r,=0.015;  h-=0.045; 1 
1. h a  

Case 9F: 

f.=0.033; &=0.2; 1~=0.333;  I 

hrp,.~,,,=0.693; p'"=1.3?8 

L* 

PUP"' 

=35,600 IPS; <,=0.015; 2=0.045;  
h 
h a  

0.6418 

1.000 
,9131 

1. 042 
1. 072 
1.096 
1.115 
1.131 
1.138 
1.436 

~~ 

4. i 80  
3.031 
2.609 
2.42i 

2.213 
2.304 

2.143 
2.08s 

. 5  .43i9 1 ,3191 
1.0 ,4794 

1.8 .5141 
2.2 ,5254 
2.6 ,5345 1 :3813 

3i4i  

,3565 0.3121 0.6114 24. i5  
1.248 
1.833 I 1::;: I 0 

I I 
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TABLE 111.-TABLES OF SIMILAR  SOLUTIONS FOR EQUILIBRIUM  DISSOCIATED  AIR, F=O(N, , ,=  1)-Con. 
(n) Heat-trandcr cnses"Concll1dcd 
" 

Cnse 97: Additional  flat-plnte  solutions @=O) 1 

.OI235 1 
1 ,00794 

,9520 

.47m 

I. G O  

1.086 

,434G 

,8125 

. Gl i5  

,5224 

,3970 

11,3w 

13,100 

20,9w 

29, io0 

17,OnO 

18, GM) 

31,100 

22, iw 

20,100 

28,400 

32,600 

0 . O . l i R  
. 1565 
,3130 
,0362 
. 338 
. 014.5 

,00724 

,02173 
.U715 
.143 
.OIli5 

. OORG 
,109 

. 043.5 

. 012:{5 

.040G 
,0812 
. 011938 . Mi18 
. UOi94 
. WFI 

. wG03 

.0522 

.OS97 

. 0952 

. n m  

. " 

h ,  
htz 
- 

0.01 520 
,04998 . 0099i 
,01521 
. IO 
. a  1 s23 
.IO 
,01521 

.01520 

. 10  

.050 

. I O  
,01519 . IOU4 
,01519 
.IO01 
,01520 

, 09Y94 
,01519 
,1001 
,01520 
,049913 
,09992 
,01519 
.10 

,04997 

~ 

0.709 

. i68  
,699 

. i l l 8  

.7G8 

.7G8 
,708 

. iU8 . 71% 
,709 
,699 
, 7ti8 
. i!l9 . io8 . io9 . 7FS . io0  . 699 
. i68 
. i l l9  
. Xb:  
, i o 9  

. TOR 

. 698 

,709 . i68 
~~ 

" ." 

1.0 
1.529 
1.9li9 
. 9056 

. F535 

,5123 

I .  783 

1.286 

1.009 
1.0 
1.529 
1.069 

1. i85 

1.28F 
1. 0 
1.529 
1. 9G9 

1. x 3  

I .  529 
1. 969 

1.783 

.9052 

,6530 

. 9053 

1. n 

.9052 

. . . .. 

0.2600 
.2501 

0.3883 

,2387 
,4326 

,3527 
,4005 

.26413 
,3522 

. P222 
,4505 
,3037 

,2917 ,4085 
,1993 
,2815 

,2106 

.2374 
,3708 

. x 3 0  
,3282 

,2887 
,3944 

,2279 
,4345 
,3136 

.2924 ,4109 
,1974 
,2805 

,2692 

.2lR4 
,3695 . :m12 

,2519 
"923 

.3ti4G 

,20(12 
,4054 
.2867 

.204U 
,2887 ,3904 

,2399 
,2795 
,3414 

.285G ,3819 
,1954 .2670 
,2790 . 3670 

. -  
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TABLE 111.-TABLES OF SIMILAR-SOLUTIONS FOR EQUILIBRIUM  DISSOCIATED  AIR, P=O ( N L . = ~ ) " C O I I  
(b) Insulntcd wall caqes 

Case 1: 
t,=l; "=0.99; t a = l  t ,  

t 8  _ _ _ _ ~ _  
0 0.8315  0.4698 0.4G98 
1 1 . i935 1 ,5706 I 1.230 

Case 2: 
t , = 1 ; ~ = 0 . 9 5 ;  t .  f a = l  

- . ~. ~. 

0.470fi 
1.222 

2.023 
1. 670 

0 0.8331 0.4737 
1 

0.473i 

2 
3 ,7733  ,6307 

1.618 
1.9% 

. 
Caso 4: 

t -1.2=0.6; ta=l  
/ 

I -  

' t  s 

0 
1 

0.8353 
,8025 

0.4i87 
.5766 

3. 1 . ii89  .6391 
2 I ,7883 1 ,6142 ~ 

Case 5: 
" 

f -1. 2 = 0 . 4 ;  t ~ = l  
1 .- 3 

1 ,  - " . - . . 
I I 

n 0.8378 0.4851 
1 
2 

1 38):: 1 ,5811 I 
3. 1 ,7862 

.6210 

.6482 

0 0. 8401 
.SI43 

0.4937 

. 8012 .63CO 
3 
3. 3 

Cnsr 7:  
/..=l;5=0.99; l e=0 .5  

( 8  

0 
1 I . io50 I . 5715 

0.8341 0.4688 

. . .  

0.4i67 
1.139 
1 .  542 
1.885 

0.4851 

1.454 
1.082 

1. i i 4  
" 

. " 

0.493i 
1. no; 
1. R3i 
1.500 
1. GO0 
"_ . 

.~ 

0.4fi9F 
1.23G 

0.470i 
1.12G 
1 . W  
1.931 

~- - 

0 0.8281 0.4i41 0.4741 
1 
2 
2. i ,6258 

1. 620 
1.863 

.. ." 
c a s e  10: 

f ,=1 :5=0 .6 ;  t ~ = O . . 5  
t 8  

- .  
I I I 

Cnsr 11: 
/ " = I :  fi=0.4; ta=0.5 

1 .  

n 0.8222 0.4852 0.4852 . 7892 ,5709  1.074 
1 
3 
3.3 . i 623  ,6501 

0 

3 
,6260 ,7795 2 
,583fi .i932 1 

0.4933 0.6220 

3. 4 
. 7708 ,6540 
. iG81 ,6629 

0.4933 
,9909 

?.Oil 
1.568 
1.656 

n 
1 I ,8447 1 .5711 

0.8316 0.4695 

0.4705 
1.453 

n. w:! 
2,474 
3.581 
4.436 
4.810 

0 
1 

0. si09 . S84R 
0.4888 
,6600 

0.4888 
1.936 



B 

Cnse 17: 

0 
1 
2 
3.2 

Cnse 18: 

. . .  

0 
1 
2 
3.2 

C:rsc 19: 

0 
1 
2 
3 

(':Ise 'LO: 

0 
1 

3 
3. 4 

9 

Casr 21: 

0.8271 0.4900 . a347 ,6523 
0.4900 

,8355 I JE3 1 2.5'25 
1.781 

. m i 0  3.208 
" 

0.8282 
,8218 

0. .(!IliY 0.4909 

. 8165 

. XllY 
. i I .52 

1.634 

2. MS! 
- " "  

0.8263 
.81i1 
. X(192 

. l i57i 

,8038 
. i213 

.X021 
. 761 9 

"_ . 
I 

cnsc 23: 

" - 

0 
I 

2. 9 
> 

. ". - 

0. 5015 

2. 153 
1. 518 

2.053 
2.831 

0 0.8528 0.5047 0.5047 
1 
2 
3 6. 490 
~. 

Cnse 2s: 
t.=O.l; ?=0.262; 1 ~ = 1 . 7 3  

1 ,  

0.8510 
.a475 

0. 5071 0.5071 
8684 3.953 

~ 

Casc 26: 

0 
1 
2 
3. 'L 

0 
1 

2. 4 
9 

- 
C;lse 28: 

0.8406 
.8GllJ 
,8651 
.8t i i8 
- . " 

0.4997 
,7798 . X488 . 8Y28 

~ __ 

0.4997 
3.270 
4. 773 
ti. 127 

0.8404 . RS54 
0.5012 . i 8 Y l  

,8572 
3. 230 

,8577 

n. x379 
. X350 I 3'8':; 1 3.319 
,8263 s. "42 

0. SO67 0. 506i 

', 75 I , 8794 1 I .  01.5 1 7. 268 
0.8552 0. E068 0. .%M 

Cnsc 31: (B=O) 

n. 01'235 0.812 0.8315 

,01235 I :0: I ,8243 I ,5065 

0.5119 
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TABLE  1V.-TABLES  OF  SIMILAR  SOLUTIONS  FOR  EQUILIBRIUM  DISSOCIATED  AIR,  NONUNIT 
LEWIS  NUMBER 

(a) Heat-transfer  cases 

" 

I I I 
O 0.2752 

,3119 
0.2880 

1 

0.2823 

,3286 
,3246 ,3189 
,3413 ,3355 

2 .3467 
3 ,3572 

.3595 
,3702 

,3536 

3. 5 
.3642 

,3612 ,3742  ,3681 

. 5  

Case 2: t .  

t ,  
t . = l ; - = l ;  te=l;  <,=0.0152 

- 
Case 9: 

" 

1,=0.1; 5=1; 1,9=G.58;  r,=O.G579 
1, 

0 0.09330 0.09330 0.09330 

1 

. 

.5  

~ - . ". . . - 
0.2445 0.2383 

,2701 
,261 4 ,2551 

,2638 

0.2247 
,2814 
,302s 

0 0.315fl 0.3254 
.3612 ,3404 

0.3355 
,3509 

1 ,3531  ,3742 
2 ,3675  ,3890 

.3838 

3 , 3iliB 
,3785 

3.5 .3705 ,4013 ,3007 
.3Yi'J ,3874 

.5  

0 0. ?235 0. "236 

.3017 ,3020 

I -  . .~ 
Caw 11: 

/.=0.1; 5=1; /x=O.333;  {,,=0.03383 

. .  
1 .- 

0 0.27tiB 0.2816 
,3451 

,3762  ,3713 1 
,3500 

2 
3. 2 

.3JiY ,4023 

.dl52 ,4178 

. 5  

~. - 

0,2997 
.3"27 
,3342 
.3474 
,3553 
.3583 

0. "786 
.34Gi 
,3798 
3896 

,4170 

- .~ 

" 

-__ 

0.2875 
.3104 

0.3329 

,3349 
,3634 .3219 
.3.564 

,3936 ,3457 
,3005 .3427 
,3822 

0 

1 

3 
2 

3. 5 

. 5  

c a s c  12: I 
1 .. 

"- - 

1.=0.033; > = I ;  1 ~ = 2 . 1 0 ;  r,=0.2193 C'UC 5: 
1.=0.333; h=l; 1~=3.333; <,=O.OSOGG 

t ,  

0 0.2588 0.2588 0.2588 
,293Y  .2Y3Y . 5  

1 1 :%? I .309i 1 .3097 
cnsr 13: f 

1.=0.033: - = I :  
I ,  

Casc 6; / 
t.=0.333; L=l; ts=3.333; r,=0.3333 

1 s  
- .  

I 0 0. 1V2.5 

1 
. 2715 
,2971 

0 0.2386 0.23SG 0. 23Elj 
,2838 ,2838 ,2838 . 5  

1 1 ,3027 1 ,3027 I .SO27 
" 

.~ - 
Casc 14: 

A,lditional flat-plntc solut ions (j3=0) 
- ~. 

1 .  r,cl.'=n) f E  

__-____ - "." ~ 

0.01235 
2121 .0093E .GI8 .OK235 

0.2965 0.0812 0.812 

" ~ - 

0 

1 
2 
3 
3. 5 

. 5  
0.2645 
,2992 
,3140 
.3320 
,3419 
,3456 

<,(I.'=Fz) 
~ 

0.2977 
.. ,2130 . - 
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TABLE 1V.-TABLES O F  SIMILAR  SOLUTIONS  FOR  EQUILIBRIUM  DISSOCIATED  AIR,  NONUNIT 
LEWIS  NUMBER-Concluded 

(b)  Insulated wall  cases 
"" . 

~ ~~ 

Case 1: 
t.=0.333; 5=1; te=3.333 

t ,  
" 

0 0.8137 0.7978 0.8022 
1 I ,8312 I ,8158 I ,8220 

~~ 

Case 2: 

t,=0.333; 5=1; 1x=O.G137 
1 ,  

0 0.8762 0.7346 
1 I ,8920 I ,7586 I ,8452 

0.8228 

" 

Cnse 3: 

t,=0.1; G = l ;  1 ~ = 6 . 5 8  

" ~ 

t .  

0 0.8502 0.8502 
1 1 - ,8764 - 1  ,8764 I .S i64  

0.8502 

~ " "~ ~~ 

~- 

. . 
Case 4: 

1.=0.1; La=!.; l E = l  
1.  

~ " _ _ ~ ~  - 
0 0.8195 0.76G0 

,8453 
0.7776 

,7937 ,8056 

Case 5: 
t,=0.033; 5=1; 1~=2.19 

. - - . . .~ 
1 .  

0 
1 I ,8373 I ,8169 I .%I99 

0.8045 0.7827 0.8142 

Case 6: 
-~ ~ 

Additional  flat-plate  solutions @=O)  
- ~. 

1 .  ?(F=F3)  ? ( F = F ? )  ?(F=FI) l R  
_ _ ~ ~ - _ _ _ ~  
0,01235 

,8022 . i380 ,8489 ,618 .01235 
0.7788 0.7545 0.8234  0.812 

~~ ~ 

U.S. GOVERNMENT  PRINTING OFFICE:1965 

I1 I lll111ll11l11l1l1ll1l1111111l11111 


